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I.  SOUU  STATE  DEVICE  RESEARCH 

A gap-coupled  InSb/I.INbOj  acoustoelectric  convolver  has  been  operated  at  77  K 
with  ati  efficiency  of  63  dlim.  1'his  result  suggests  the  possibility  of  using  a 
high-density  InSb-diode-arrav/l.iNbOj  structure  as  an  acoustically  scanned  infra- 
red imaging  device. 

CU  laser  operation  with  an  emission  wavelength  of  2.79  pm  has  been  achieved  at 
~ 12  K in  optically  pumped  liquid-phase  epitaxially  grown  llgQ  C)t)7l'd0  ^ 1't*.  Also, 

pulsed  laser  action  has  been  observed  at  77  K upon  optically  pumping  various 
Ilgl'dTe  l.l’K  samples  with  a ^-switched  Nd.-YAG  laser.  The  stimulated  emission 
wavelength  varied  from  to  2. *>7  pm  as  the  mole  fraction  of  CdTe  changed  from 
0.720  to  0.410. 


11.  QUANTUM  ELECTRONICS 

A self-contained,  hand-held  NdPcO.  , laser  has  been  fabricated.  The  laser  head 
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assembly  of  flash  lamp,  laser  rod,  and  pump  radiation  collector  has  a volume  of 
1.5  cm*.  Without  optimization,  this  unit  presently  provides  ~ 1000  laser  shots  of 
0.5  m.l  at  1.06  pm  between  battery  chargings. 

A mini -TEA  CO,  laser  has  been  operated  with  a "three- mirror"  grating-tuned 
cavity  and  single-line  tunabilitv  obtained  in  both  the  10.6-  and  9.4-pm  branches. 
The  mini-  TEA  laser  has  also  achieved  arc-free  operation  at  pulse  repetition  fre- 
quencies up  to  250  Hz  and  an  average  output  power  of  3.6  \V. 

An  effort  is  under  way  to  efficiently  extract  energy  from  the  metastable  levels  of 
the  mercury  excimer.  Experiments  have  been  conducted  which  measure  the  wave- 
length. temperature,  and  density  dependencies  of  infrared-laser-induced  enhance- 
ment of  the  excimer  fluorescence  near  3 30  nm. 

The  recently  developed  Ga As  Sc hottky -diode  mixer  has  been  used  to  generate  tun- 
able CW  far-infrared  radiation.  Demonstration  of  high-resolution  spectroscopy 
using  this  source  has  been  made  on  D.O. 

The  time  scale  of  intramolecular  vibrational  energy  transfer  has  important  conse- 
quences for  bond-selective  infrared  photochemistry.  Measurements  of  the  r }-band 

absorption  of  CO, -laser-excited  SF,  have  been  carried  out  at  fluences  up  to 
^ ** 

1 .l/cm  . A redistribution  of  the  vibrational  energy  takes  place  on  a several- 
microsecond  time  scale,  independent  of  Sl'^  pressure. 

I'he  CO,  I'EA-laser  induced  dissociation  of  silane  has  been  studied  in  order  to 
improve  the  understanding  of  multiphoton  excitation  processes  in  unlmolecular 
photochemistry.  In  contrast  to  SF^ , dissociation  of  Si  11^  requires  pressures  of  a 
few  I'orr  and  is  accompanied  by  visible  luminescence  from  atomic  and  molecular 
hydrogen. 
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111.  MATERIALS  RESEARCH 

Resistivity  and  Hall  coefficient  measurements  have  been  made  on  numerous  n-type 
iundoped,  Sn-doped),  p-type  (/.n-doped,  t'd -doped),  and  semi -insulating  (le-dopcd) 
InP  single  crystals  grown  by  the  liquid-encapsulated  t'zochralski  method  to  pro- 
vide substrates  for  epitaxial  growth  of  GalnAsP  alloys  for  infrared  diode  lasers 
and  detectors,  l-'or  the  Ke -doped  sample  with  lowest  room -temperature  carrier 
concentration  (n  - t.2  x 10‘  cm  ').  the  room -temperature  resistivity  and  Hall  mo- 
bility are  1.6  x 10H  fl-cm  and  1.3  x 10  5 cm“Y  *sec  V respectively,  and  the  acti- 
vation energy  determined  bv  measuring  the  Hall  coefficient  as  a function  of  tem- 
perature is  0.6  5 eV. 

In  a study  of  the  liquid-phase  epitaxial  growth  of  GalnAs  layers  on  InP  substrates, 

the  liquidus  compositions  and  temperatures  have  been  determined  for  deposition  of 

the  lattice-matched  allov  Ga,,  ._In„  , .As.  a material  of  interest  for  infrared  diode 

o.  *i  i o.  si 

lasers,  photodiodes,  and  photocathodes.  I'o  obtain  this  alloy  with  a given  As  con- 
centration in  the  growth  solution,  the  Ga  concentration  in  the  solution  and  the  liq- 
uidus temperature  must  both  be  higher  for  (111  111  substrates  than  for  (100)  sub- 
strates at  growth  temperatures  below  690"C. 

IV.  MICROELECTRONICS 

Silicon  bolometers  etched  from  single-crystal  silicon  wafers  are  being  developed 

for  use  as  broadband  detectors  in  the  1-  to  30-em  * band.  The  first  detectors 

- 14  i /? 

have  noise  equivalent  powers  of  a few  times  10  \\  Hz  “ with  single  time  con- 

stants of  a few  milliseconds,  compared  with  a design  goal  of  2 x 10~,C|  W/Hz*  “ 
with  a 1 /30-sec  time  constant. 

A packaging  technique  for  a SAW/Ct'l)  buffer  memory  device  has  been  developed 
which  allows  mating  the  silicon  chip  with  its  sampling  fingers  and  CCD  structure 
to  a lithium  niobate  delay  line. 

I’he  first  two-chip  arrays  of  100-  x 400-element  CCD  imaging  devices  have  been 
fabricated  for  the  GKODSS  Program  and  will  be  used  to  test  the  optical  moving 
target  indicator  (Mi'll  system  for  automatic  satellite  detection.  Recent  tests  on 
the  100-  x 400-element  CCD  chips  have  shown  that  the  measured  dark  current  has 
been  made  as  low  as  6 nA/cm  over  the  entire  device. 

Matched  filtering  has  been  performed  with  a prototype  device  consisting  of  two 
i-bit,  12 -tap  CCD  programmable  transversal  filter  sections  which  are  capable  of 
performing  correlation  of  analog-sampled  data  with  a binary  reference.  The  pro- 
grammable binary  reference  code  of  these  devices  is  stored  in  an  on-chip,  serial- 
in  'parallel-out  n-MOS  static  shift  register. 

A processing  sequence  for  the  fabrication  of  two-phase,  buried-ehannel  CCDs  has 
been  developed  which  is  compatible  with  the  fabrication  of  n-MOSl’ETs  having  high 
punch-through  voltages  and  low  back-gate-bias  effects. 
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In  produce  uniform  alignment  of  the  director  in  nematic  and  smectic  liquid- 
crystal  layers,  120-nm  spatial -period  square-wave  gratings  fabricated  on  amor- 
phous SiO,  substrates  were  used.  I'his  demonstrates  that  molecular  alignment 
can  be  achieved  using  surface  structures  fabricated  by  a planar  process.  A novel 
method  of  producing  twisted-nematic  liquid -crystal  displays  using  surface  gratings 
has  been  demonstrated. 


\.  SI  III  Al  K-WAVi:  riX  HNOI.OGY 


A filter  has  been  developed  whose  bandwidth  can  be  continuously  varied  over  a 
range  from  i to  100  MHz  by  changing  the  frequency  of  a CU  control  signal.  I'his 
filtering  system  exploits  the  extremely  sharp  skirts  ) to  40  dli  in  3.S  MHz) 
achievable  with  reflective-array-compressor  (RAC)  devices.  Amplitude  response, 
phase  response,  out-of-band  rejection,  and  dynamic  range  of  the  filter  system 
have  been  measured. 


A specialized  assembly  procedure  has  been  developed  for  gap-coupled  acousto- 
electric devices  consisting  of  a l.iNbOj  delay  line  and  a silicon  strip  separated  by 
an  intervening  air  gap.  Air  gaps  of  the  order  of  0.,1  to  0.t>  pm  can  be  accurately 
obtained  and  held  uniform  to  within  ±0.0.1  pm  over  lengths  as  large  as  7 cm.  The 
procedure  achieves  this  goal  by  maintaining  extreme  cleanliness  while  employing 
specialized  mountings  and  jigs  for  accurately  assembling  the  separate  parts. 


A memory-correlator  subsystem  with  a bandwidth  of  b0  MHz  and  correlation  length 
of  5 psec  has  been  developed.  1’he  key  element  of  the  subs  'em  is  an  improved 
acoustoelectric  memory  correlator  which  functions  as  a pr  matched 

filter.  Improvements  include  the  use  of  a spacer-rail  support  t.  control 

transverse  modes,  the  use  of  multistrip  couplers  to  reduce  spun.  t-wave 

signals,  and  the  use  of  a balanced  transformer  feed  to  reduce  dire  i ~..il  feed- 
through. The  required  interfaces,  drive  circuits,  and  output  circuits  have  been 
developed  and  incorporated  in  the  memory-correlator  subsystem. 
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i.  soi  1 n sr  .vn-:  m:\ui:  iti:sr  Mini 


\.  i;\r  com  n>  iusi>  i im>o(  comoi  \ kh  at  7 7 k 

In  a pros  ii'tts  report  1 (Ilf  use  of  a gap  coupled  St  diode  itiTitt  I i\lu'^  memory  c o r r e l a h 1 r 
is  an  acoustically  scanned  imaging  dovioo  lASlI"  was  discussed.  Out'  of  tin1  i.uhpie  features  ot 
tln>  ASH'  is  tlio  ability  to  «'iil|>loy  surfaoo  ivaif  .signal  processing  loohnitjues  to  an  imaging  ilo 
vice  in  roat  tnno.  I'lio  ili'vn'i'  could  thus  bo  useful  in  s|>i'oial  purpose  imaging  appl  lout  ions  snob 
as  Kourior  t rails  form  imaging  am  I pattorn  recognition.  I'lio  ASH'  is  potentially  nsofnl  as  a 
solid  stall'  infraroil  imager  if  tin-  silioon  were  roplaooil  by  an  mfraroil  ilnslo  array.  l'o  that  oiul 
proliininarv  experiments  using  IliSb  li.no  boon  porforntotl  to  ilomonst rato  tli.it  an  ail.  unto  aoous 
toolooti'io  convolution  efficiency  ran  bo  achieved  at  >'7  l\  with  a nap  ooiiplod  InSb  I i\bi'(  strut 
turo.  An  offn  iom  i of  lO  >1 1 tm  lias  boon  obtainoil. 

t I t 

l''or  tli os o oxpormionts.  is  mil  thick  low  oonoontratton  n typo  in  I v lb  om  . n . . 

(i  v lb'  t in"  \ soot  InSb  was  usoil.  Samplos  woro  processed  to  passnato  tin-  snrlaoo  st>  that 
tlio  zero  bias  snrlaoo  potontial  was  noar  flat  band.  I’lus  passivation  was  nooossary  so  that  tlio 
range  of  snrlaoo  potontlals  corresponding  to  a iloplotoil  snrlaoo  ii.o.,  tlio  range  of  tlio  highest 
convolution  offio Ionov'  oonld  bo  accessed  by  biasing  tlio  InSb  I i\hO.  striiotni'o.  i If  tlio  InSb 
siirf.no  al  /oro  bias  is  In' oily  aoouninlatoil  or  nivortod,  a low  oonvolntnin  efficiency  will  bo 
obtainod  dm'  tt>  screening  and  attonuation  ol'loots.'  I'lio  InSb  samplos  woro  initially  prooossod 
bv  olectropolishing  tlio  snrlaoo  and  tlion  growing  a tbb  \ thick  prt'tootivo  anodio  oxido.  I'lio 
snrfaoos  woro  passu  atotl  by  stripping  tlio  anodio  oxido  witli  buffered  III',  rinsing  in  I'l  water 
and  alooltol,  and  then  seipiolilislly  depositing  tbbb  A of  pyrolytic  pliospliosilioato  glass  ll'Stl'  at 
,'Sb  r .uni  Ibbb  \ of  spnttoi'od  Sit',.  I'otails  of  tlio  initial  processing  and  tlio  insiilatt'r  deposi 
Inin  aro  no  <'ii  in  Itofs.  anil  respectively.  1 ayors  ttf  An  anti  I't.  oaoli  It'OO  A tlnok,  woro 
sotp'oiit iallv  olootroplatod  t'li  tlio  baok  snlo  of  tlio  samplo.  Finally  tlio  wafer  was  sawed  to 
nh  uni  widths  appropriate  for  mounting  in  tlio  oonvolver  packages.* 

I'lio  InSb  surf. n o ptdoiitial  was  ov 'alnatod  by  making  (.'  \ inoasiiromonts  on  MIS  dovioos. 
I'host-  dovioos  were  formed  by  filament  evaporating  An  top  oontaots  through  a mask  over  the 
Sit',  snrlaoo.  Moasu remonts  woro  made  by  probing  at  M'O  k 1 1 .*  and  77  K,  A t'  \ plot  for  a 
dovioo  formed  from  tlio  same  wafer  that  was  used  for  tlio  oonvohition  measurements  is  shown 
in  l-'ig.  t t.  From  the  oaloulatod  flat  hand  oapaoitanoo  of  the  dovioo,  a flat  band  voltage  of 
I.  .’s  \ was  ostunatotl,  mdioatmg  that  the  surfaoo  is  aoonmutatod  at  /oro  bias. 

Kor  aooustoolootrio  measurements,  an  InSb  strip  ~I.A  om  long  was  indium  bonded  to  a 
Kaptou  strip  and  assembled  against  a I iNlu'(  delay  lino  that  had  a pseudorandom  array  of 
ion  otohoil  s -i iii  ili.am  posts  to  maintain  a I M'O  A gap  between  the  InSb  and  I iNbl'.  snrfaoos 
I'otails  of  the  assembly  pt'oooduro  and  of  the  oonvolver  paokago  aro  given  in  Hof.  I and  in 
Si'o.  \ It  id'  this  report.  In  order  to  maintain  the  gap  uniformity  at  7 7 K,  the  layer  of  It  l'\ 
rubber  iloeated  between  the  Kaptou  and  the  spring  oomponontsl  iisihI  for  room  tomporaturo 
measurements  was  roplaoed  by  a oloth  strip.  Also,  hormetie  oonneotors  were  used  and  the 
paokago  was  purged  and  baokfillod  with  holiinn  to  inhibit  condensation  that  could  otherwise 
occur  on  the  delay  line  surface  at  7 7 K. 

I'lio  convolution  offioionoy  F and  insertion  loss  l woro  measured  with  70  Mil/  surfaoo 
acoustic  waves.  Hero.  F tOlogtl’  I’  I',',  where  l'(  is  the  convolution  output  signal 


power  a mi  l*^  ami  V % aro  the*  .*»t*»u.tl  pnvvors  applied  to  l hi*  two  input  lr.instl.n  ri  M,  Also, 

i 10  1**^1,  whe*re  I'j  lx  the  |h*\um‘  applied  to  oiio  t raitxducer  ami  1*,^  tx  the*  amount  of 

that  power  rvtr.ulrtl  from  tin*  other  transducer  after  the*  acoustic  wave*  has  travriMnl  tin'  lon^th 

ot  tlu'  InSh  l iNhO^  structure*.  \cousttc  pulse*  lengths  of  I pxec  i.thlr  to  the  acouxtti 

transit  Umr  of  thr  sample*)  wrrr  used.  Measurement*  wrrr  made*  as  a Cum' t ton  of  bias  voltage  \ . 

Hit*  htas  was  applied  to  the*  slnirturr  between  tin*  convolver  output  |>ort  the.,  tin*  InSh  hark  ron 

tact)  atul  tin*  1 iNhO^  ground  plane*  Most  pe*rcentl  of  tin*  applied  voltage  was  dropped  across 

thr  J#  i>» 1 1 thick  I tNhtP  am!  tin*  air  >*:»p.  At  room  temperature,  K 110  dllm  ami  I .*4  till. 

Hirse  valurs  wrrr  independent  of  htas  hn  ausr  of  tin*  ht^lt  tntrtnsn*  carrier  density  of  InSh  at 

t N t 

room  trmpr  t'aturr  tn  I v 10  cm  l.  the  valuation  of  1 ami  l with  htas  at  77  h is  shown 
1 

in  l-t^x.  I Jtat  ami  iht.  Hie  nirasu rrnimts  wrrr  made  by  suhmr entity  the  convolve*!*  m liipitel  \,. 

I or  negative  bias,  tin*  sttrfacr  is  at  'cumulated  amt.  as  shown  m l*'t |* . I J(al,  T is  relatively  low 
\ *M  elltnO.  Note*  that  the*  voltage*  polarity  is  rr\  e*rse*el  from  that  of  the*  i'  \ measurements  One* 
to  thr  package*  hias  arrangement.  As  \ becomes  positive*,  thr  InSh  surface*  first  approaches 
flat  haml  potential  ami  thru  becomes  ttrplelrt!.  Hie  efficiency  inci'e*ase*s  peaking  at  <•  ' dllm 
fi * r \ **  l '00  \ . atul  the*n  decreases  with  larger  biases  as  the*  surface*  becomes  Inverted.  The 
insertion  loss  is  shown  m I i^.  I .’ilo  ami  includes  l lie*  l **  illt  loss  of  tin*  I iNhO^  delay  line.  I is 
relativ  ely  constant  at  ill*  for  accumulation  blase*.*;,  has  a peak  near  flat  hand.  then  decreases 
for  small  inversion  hiase*s  ami  linallv  increases  a^am  for  lar^e  inversion  biases. 

r*»  iliscuss  tin*  results  shown  in  Kt^s.  I .' . it  is  use'ful  to  v'iMisteler  the*  loss  effects  first,  t he* 
variation  of  I with  bias  can  probably  he*  att nhute**!  to  transverse  unxluif*  and  scattering  effects 
as  vve*ll  as  i'lian^c's  tn  the*  mirfa*  e resistivity  . i alculat ions  indicate  that  for  accumulation 
and  depletion  bias.  losses  should  he*  ne^ll^lhJi*  .since*  the  InSh  has  a * V h resistivity  of  0.1  |!  cm. 
The*  illt  excels  loss  t*»v  e*t*  that  for  the*  l tNhO  delay  Intel  for  accuttui lat ton  luase's  is  probably 
4 hie*  to  moiling  and  scattering  effects  associated  with  the  loaeiin^  of  the  nut  etcheel  l iNhO^  posts 
hv  thr  InSh  sample*.  l lu*  peak  m l near  flat  haml  and  Its  decrease  for  depletion  biases  may  he 
attributed  to  itnxlut^  effects  ile*pe*Uileiit  on  the*  effective  nap  vvnlth.  The*  increase  m I as  the*  stir 
lace  become?*  inverted  (t  e . \ t '*00  \t  is  probably  the*  fir  ing  ed^e  of  a peak  attributable  to 
a*  i*ust*»ele*i  t t n los-*  l ilts  pe*ak  occurs  because  acoustoe'lectrtc  loss  is  maximum  for  a value* 
ot  1 intermediate  between  that  bn*  a depleted  and  fiilly  inverted  surface.* 

t he  vitiation  ot  l with  htas  t.*;  *pute  similar  ti»  that  observed  for  Si  at  room  temperature* 

■n. I i it(  rilmt.iMi-  i.>  , tn  I ivilx  with  Inns  n**;it*  llit*  .srnuomtitiuMi'r  !inrtm*r  lln* 

. i i i.  . . n-i'ifi  . .'ii.  rntruti.'it  i*  Inri'i*  f.ir  lu'i  iiimil.ilion  Iu«ni*s.  ami  I*',  \v lilt'll  is  mv«*t\*i«*lv  |*r>> 
l>.  i i I.*  tin-  ..|uai  i*  >>l  tin*  i*i>m,i'nti*atii>ti.  is  low.  As  flat  I'atul  potential  is  ap|'i*oai'hi*tt,  thr 

• iii..  .11  rui  . ..ii.  flit  rati. >n  ili*i't*»*as<*s.  printin' mu  an  nn  t*i*asi*  tti  I1'.  As  I'las  is  nn*t*ra.*usl  m 
.Irplrlion  Hu-  «*t l tiw  ...ip  hrtwrrn  tin*  t iNI>|i(  surfai'i*  atul  tin*  ilr>|*lc*t 4»»t«  l.ivrr  <*<lpr  ttu*i‘r*ast's. 

1 In-,  rr  .i  It-,  hi  i ri-.lii.  r.l  . .'uplnin  •»’  tin*  si*inli*oniliirtiir,  lint  a iii.m'i*  i'iitii|'lrti*  ilt'ptli  nunlulat uni 
in  tin*  «fm  i.  ..ihIiii  l..f  In  (hr  tl  a.. Misti. flr.lin-  fir  M ivllli'h  I'lirthrr  in.*  I'ra.-.r  s K.  l-'ot*  ivrak  in 
> ri  si.. n In. i . iln-  I.u-.n-  m.'rrasr  m ai'inislnrloi'l i*ti*  loss  ransrs  a i*iM*rt*s\H'Hiltii|.  .U'l'foasr  in  !•'. 

I In-  r .tim  il.sl  flat  I’an.l  rfln*irtn*\  is  witliui  al'ont  t **  illt  of  that  i*ah*nlatr>l  from  a i*ompntr>i* 
mo.lr I . I In*  ills.- I'rpaiii  s is  |'i*ol>ahl\  iliu*  to  tin*  r\i*rss  ilrlav  linr  lossrs  illsi'nss«*>l  ahovi*. 

\ ivpii  ul  output  . ..in olntion  signal  for  r.pial  ainplttmlr*  l na'*''  snpfm'i*  wavr  pnlsrs  is 
shown  ni  I ij;  I * i at  for  tin*  optimum  hias  of  l.’*h'  \ . I'ln*  t> ' illtin  rffti*n*ni  y shown  is  oom 
pafal'lr  to  that  mrasnrtsl  on  a St  iltoilr  array  I tNht'(  ASH'.  I" hr*  imtformlty  of  tin*  romolntion 


t 


interaction  for  \ 1JO0  V is  shown  in  Tig.  1 - To  obtain  this  oscillogram,  a 7-psec  pulse 

anti  a 0.  s-psec  scanning  pulse  of  equal  amplitude  were  used.  Hie  interaction  efficiency  is  con- 
stant to  * 1.x  dll  over  the  device  length.  V similar  uniformity  was  obtained  at  flat-hand.  The 
linearity  of  the  convolution  output  was  also  measured.  Tor  a Idas  of  1.100  the  I -dll  compres- 
sion point  occurred  at  18  dllm  power  input. 

1'he  frequency  dependence  of  !•'  is  shown  in  Tig.  1 - -I  for  a bias  of  t 100  V.  The  convolver 
efficiency  seems  to  follow  the  transducer  bandpass  characteristics,  and  is  flat  to  < t dlt  over 
the  range  on  to  70  Mil/.  t hese  data  were  taken  with  a different  transdueer  tuning  inductance 
than  was  used  for  the  data  in  Tigs.  1-.1  and  l-t,  so  the  center  frequency  for  maximum  T is 
shifted  a few  megahertz,  from  the  earlier  figures. 

An  InSb  l.iNhOj  convolver  has  been  demonstrated  at  77  K that  has  a maximum  efficiency 
comparable  to  that  obtained  with  Si-diode  array  1 i\hl>(  ASUls.  This  result  suggests  the 
possibility  of  using  a high-density  InSh-diode-arra,v  l.iNbO^  structure  as  a solid  state  infrared 

imaging  device.  K..1.  l eonberger  S.  A.  Iteible 

li.  W.  lialston  T..I.  O'Donnell 


It.  Ol’TK’Al  I \ T1  M I’l  l i IlgfdTe  I ASTHS 

Tor  the  first  time.  I'tt  laser  operation  lias  been  achieved  with  llgj  t'd^Te.  1 iquid-pliase 
epitaxially  grown  llgt  dTe  crystals,  which  were  cooled  to  approximately  1.1  k and  optically 
pumped  With  a Nd  y At!  laser,  were  found  to  lase  continuously  at  J.7‘)  a"'-  hi  addition,  pulsed 
stimulated  emission  in  various  Ilgl’dTe  crystals  was  observed  at  77  k ill  the  wavelength  range 
from  l.is  to  J.°7  am  using  .i  i,>  switched  \d  \ At!  laser.  Previously,  pulsed  llgt 'dTe  lasers' 
at  12  k emitting  at  t.7  and  -t.t  am  were  reported  for  Hridgmati-grown  Ilgl’dTe  optically  pumpixl 
with  a tiaAs  diode  laser.  Also,  pulsed  stimulated  spin-flip  Unman  scattering  emission  from 
Hg  ( l'd(1  , ^Te  at  t .!  k using  a t'O,  laser  pump  was  observed.  Pulsed  laser  action  at  to  to 
tS  k lias  been  reported  at  0.  78  am  in  I'dTe  excited  by  electron-beam  pumping. 

The  llgt’dTe  crystals  were  films,  which  were  grown  by  a liquid  phase  epitaxial  technique 
onto  I'd TeSe  substrates,  t'lie  I I’P  growth  was  earned  out  using  a To  solution  at  480  P,  which 
was  saturated  with  a I'dTe  source  seed  prior  to  growth.  The  cooling  rate  and  growth  time  were 
H l’/mm.  and  V see.  respectively.  The  melt  equilibration  time  and  temperature  were  18  mm. 
and  8tsf,  respectively.  The  Itrulgman  grown  I'dTeSe  substrates  were  oriented  1 1 t tilt  and 
etched  m a to -percent  Mr-l'II^OM  solution  for  10  to  I 8 sec  just  prior  to  loading  into  the  modified 
horizontal  open-tube  slider-type  I PK  apparatus,  figure  1 t ;»i  shows  an  I'ptieal  pliotonuero 
graph  of  a 1 1 1 0) -cleaved  cross  section  of  a 1 -pm -thick  Hg(,  ss.i 'd(1  ^ ^I’e  layer  grown  on  a 
I'dTe  ^ ()S<>Si'0  q j ( substrate,  and  Tig.  l-X(ld  shows  the  as-grown  surface  of  the  same  wafer. 

A pattern  of  three  sels  of  intersecting  lines  is  clearly  seen  in  Tig.  l-8(|q.  The  depth  of  tin' 
surface  structure  is  not  resolved  in  Tig.  l-8|al  anil  is  estimated  to  be  v 1000  A.  This  surface 
morphology  is  typical  of  good -quality  single  crystal  films  grown  on  (III!  substrates.  As-grown 
samples  with  lateral  dimensions  of  about  l x t 7 nun  were  cleaved  into  small  rectangular  par 
allelepipeds  with  typical  dimensions  of  0.1  8 x 0.2  v i mm  and  mounted  with  thermal  compound 
grease  onto  a copper  heat  sink.  The  Mgl'dTc  films  were  p-tvpc  with  'to1'  carriers  cm'  at 
77  k.  The  samples  were  optically  pumped  on  the  as  grown  (till  faces,  with  the  laser  cavity 
formed  by  the  two  cleaved  1 1 toy  end  faces.  The  incident  I.Ob-pm  laser  pump  beam  was  focused 
onto  the  Mgl'dTc  film  to  a rectangular  pattern  using  crossed  cylindrical  MaT,  lenses  with  a 


s 


jTe  L.PE  r 
with  a Nd  ^ 


stripe  width  of  28  pm  and  a length  which  corresponded  to  the  distance  between  the  cleaved  faces. 
The  CW  radiation  from  the  HgC'dTe  was  mechanically  chopped  for  phase-sensitive  detection, 
passed  through  a grating  spectrometer,  a Cie  filter,  and  detected  by  a PbS  detector  cooled  to 
t58  K. 

Continuous-wave  operation  at  2.75  pm  was  observed  at  approximately  12  K for  the  sample 

shown  in  Fig.  I-5(a-b).  Figure  1-6  illustrates  the  mode  structure  for  the  sample,  which  was 

optically  pumped  about  1.5  times  threshold  (~t.5  mW  of  Nd  YAG  laser  power  absorbed  bv  the 

filml.  The  small  number  of  modes  shown  in  Fig.  1-6  is  typical  of  the  spectra  of  these  samples. 

If  the  entire  volume  (28  x 210  x 3 pm*l  of  HgCdTe  is  lasing  uniformly,  then  the  laser  threshold 

» 

is  remarkably  low.  i.e.,  <20  W/cm  (equivalent  to  a diode-laser  injected  cu rrent  density  of 
) 

- 1 1»  A cm**!.  The  equivalent  threshold  injection  current  densities  are  considerably  lower  than 

those  observed  in  optically  pumped  InSb  (Ref.  10).  The  absolute  (not  differential!  external 

quantum  efficiency  (assuming  equal  power  out  of  both  ends  of  the  laser)  was  estimated  to  be 

approximately  6 percent  after  taking  into  account  reflection  losses  from  the  HgCdTe  surface 

(28  percent),  losses  in  the  KRS-5  output  optics  window  (25  percent),  and  absorption-reflection 

losses  m the  Ge  output  optics  filter  (47  percent).  For  a typical  input  power  absorbed  by  the 

HgCdTe  of  t.5  m\V,  the  total  output  power  emitted  was  estimated  to  be  approximately  78  p\V. 

The  emission  spectrum  of  a Hg^  ^^Cd^  iq  jTe  l.l’K  grown  layer  optically  pumped  with  a 

Q-switched  Nd  YAG  laser  at  77  K is  shown  in  Fig.  1-7.  The  3-pm-thick  film  of  HgCdTe  on  a 

CdTeSe  substrate  shown  in  Fig.  !-5ia-b)  was  excited  by  250-msec  pulses  (repetition  rate  of 

4.7  kHz)  from  a Q-switched  Nd:YAG  laser.  1'he  average  and  peak  laser  powers  absorbed  by  the 

film  were  approximately  t.5  m\V  and  1.3  \Y.  respectively.  1'he  power  density  threshold  for 

lasing  at  77  K is  • 17  k\\  /cm  . and  the  measured  HgCdTe  emission  wavelength  is  2.7t  pm.  From 

the  wavelength  separation  of  adjacent  longitudinal  modes,  the  equivalent  index  of  refraction  (i.e., 

> 

n X 2 FAX,  where  X is  the  lasing  wavelength,  I.  is  the  cavity  length,  and  AX  is  the  longitudinal 
mode  spacing)  is  li  3.6. 

Table  1-'  summarizes  the  results  of  optically  pumping  several  LPE  grown  films  of 
llgj  Cd  Te  with  a Q-switched  Nd  YAG  laser.  The  HgCdTe  laser  emission  wavelengths  varied 
from  1.25  to  2.57  pm  as  the  CdTe  content  of  the  films  varied  from  0.725  to  0.410,  respectively. 


TABLE  1-1 

LASER  EMISSION  WAVELENGTH  AT  77  K VS  MOLE-FRACTION  CdTe 
FOR  SEVERAL  Hg,  Cd  Te  LPE  GROWN  FILMS 

1 -x  X 

Sample  No. 

Laser 

Emission 

Wavelength 

(pm) 

Mole-Fraction 

CdTe 

(x) 

Film 

Thickness 

(pm) 

160 

1.25 

0.729  ± 0.005 

4 

244 

2.71 

0.443  ± 0.006 

3 

255 

2.58 

0.454  ± 0.007 

10 

256 

1.66 

0.596  ± 0.005 

7 

257 

2.97 

0.410  ± 0.004 

6 

7 


The  HgCdTe  compositions  were  determined  from  electron  microprobe  measurements.  Various 
film  thicknesses  have  been  used  between  5 and  to  pm.  The  laser  emission  energies  vs  mole 
fraction  of  I’dTe  at  77  K are  slightly  lower  than  the  energy-gap  values  calculated  from  an  em- 
pirical expression  (Eq.  51  of  Scott.*' 

Although  numerous  attempts  to  obtain  laser  action  in  HgCdTe  by  optical  pumping  have  been 
made  in  the  past,  success  was  achieved  in  only  two  samples.  In  our  present  experiments,  the 
unique  low-temperature  L.PE  growth  (i.e.,  450"C)  from  Te  solution  may  yield  a material  with  a 
reduced  density  of  nonradiative  centers,  so  that  the  ratio  of  radiative  to  nonradiative  transitions 
is  enhanced  and  laser  action  occurs  easily.  We  plan  to  investigate  longer-wavelength  devices 
in  the  near  future.  Due  to  the  high-electrooptic  figure  of  merit,  lattice- matching  capability, 
low  laser  threshold,  spectral  range  from  0.85  pm  to  the  far-infrared,  and  LPE  technology, 
HgCdTe  has  considerable  potential  for  integrated  optical  circuit  applications  as  well  as  for 
various  component  devices,  such  as  diode  lasers,  waveguides,  detectors,  modulators,  solar 


cells,  etc. 


T.C.  Harman 

M.C,  Finn 
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II.  tjl  \ NT  l'  M I I.  i:  r T HD  N ll  s 


A.  1 1 A \ I )- 1 1 1 I l>  ( | ...\s  I H 

In  order  to  demonstrate  the  miniaturization  possible  with  high- Nil -concent  rat  ion  lasers,  we 
have  constructed  a self-contained,  hand-held  laser  using  a flash-lamp-excited  Ndl'^Uj,  (Nl’l’) 
rod.  1 or  increased  ruggedness  and  ininiaturi/ution.  we  have  replaced  the  hollow  pump  collector 
assi'inhlv  of  our  previous  Nl’l*  laser  head*  by  a solid  integral  assembly.  This  consists  of  a 
1-cm-long  x t'-mm-diam  sapphire  cyluuler,  with  a round  hole  to  accommodate  the  2. 5-nim-diam 
\e  I lash  lamp  anil  a 1 -mm-sipiare  slot  to  hold  the  Ni’i*  laser  rod.  lioth  of  which  are  mounteii 
using  polystyrene  cement.  The  outer  surfaces  of  the  sapphire  collector  were  aluminized  and 
overcoated  with  silicon  oxide  for  protection.  These  components  are  shown  in  I ig.  11-1. 


I ig.  11-1.  l aser  head  components,  showing  (from  top  to  bottom)  Xe  flash  lamp, 
sapphire  pump  collector,  and  Nl’l*  rod. 

The  laser  head  was  mounted  m a Ycspcl  holder  to  which  were  attached  the  t/2-m.-diam 
laser  mirrors,  using  adjustable  O-ring  mounts.  The  present  laser  has  a semi-confocal  cavity 
with  a 1 t-cm-radius  high-reflecting  mirror  and  a flat.  10-percent  transmitting  output  mirror. 

The  laser-cavity  assembly  is  mounted  on  top  of  a power  supply  (2-1/2  x 3 x s-3  1 m.)  con- 
taining a commercially  purcliased  IK'  inverter  with  I t'  pulse-forming  network  and  Sc'U  trigger 
circuitry.  The  inverter  is  powered  by  rechargeable  12-Y  Ni-t'd  battei  .os,  also  mounted  in  the 
power  supply,  capable  of  providing  one  thousand  t-.l  discharges  into  the  lamp.  The  laser  is 
fired  manually  by  a push-button  switch  at  rates  up  to  t Hz.  The  complete  laser  is  shown  in 

Fig.  H-2.  I 

The  laser  rod  presently  in  use  is  1/2  \ t \ " mm.  The  internal  lamp  and  rod-mounting 
surfaces  on  the  sapphire  collector  have  a ground  finish,  which  we  have  not  index-matched  to  the 
lamp  and  rod.  Itecause  of  these  factors,  we  are  pn  sently  limited  to  0.x  m.l  output  at  1.05  pm. 

I 


Complete  Nl’l’ laser,  with 
laser  cavity  mounted  on 


TUNABLE 


Kig.II-i.  Experimental  arrangement  of  line-tunable  laser.  , 
Ml  — curved  ZnSe  mirror,  t-m  radius,  85 -percent  reflectivity 
/nSe  mirror,  bi-percent  reflectivity;  Mi— tunable  grating; 
L.2  *7  cm. 


- apertures; 
M>  - planar 
<1  b-  cm. 
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I ^ 

f 


l smg  a 1-mm  rod  and  better  cementing  techniques,  we  should  be  able  to  achieve  output  ener- 
gies comparable  to  the  8-mJ  level  (at  t-J  input)  obtained  with  our  laboratory-bench  hollow  - 
collector  laser  heads. 

The  size  ol'  the  present  resonator  assembly  is  determined  primarily  by  the  external  mirrors 
and  mounts.  I'stng  miniature  mirrors  fastened  directly  to  the  sapphire  holder,  or  suitably  pol- 
ishing and  coating  the  laser-rod  surfaces  themselves,  would  result  in  a much  smaller  laser 
assembly.  Significant  reduction  in  the  power-supply  size  should  also  be  achievable. 

S.  K.  Chinn 
W.  1C.  Barch 
W.  K.  /.wicker^ 


H.  MINI-TEA  LASER 

2 3 

As  described  in  previous  reports.  * we  have  designed  and  operated  a mini-TKA  CO,  laser 
which  has  a volume  energy  extraction  comparable  to  larger,  conventional  CO,  TEA  lasers.  In 
our  recent  work,  we  have  operated  the  mini-TEA  laser  w ith  a "tliree-mirror"  grating-tuned 
cavity.  We  have  also  obtained  up  to  3.6  \V  of  average  power  output  and  operated  at  a pulse  rep- 
etition frequency  (i’KK)  of  up  to  250  Hz. 

The  loss  in  laser  efficiency  w hen  one  of  the  laser  mirrors  is  replaced  bv  a grating  can  be 

*4  5 

reduced  by  use  of  a three-mirror  cavity.  ’ Such  cavities  are  constructed,  in  grating-tuned 
cavities,  by  placing  a partially  reflecting  mirror  between  the  Litt  row -mounted  grating  and  ac- 
tive medium  to  form,  with  the  grating,  a tunable  reflector  w ith  a higher  effective  reflectivity 
than  that  of  the  grating  alone.  An  additional  advantage  associated  with  the  tliree-mirror  cavity 
is  the  reduction  in  optical  power  density  at  the  grating  surface,  which  can  prevent  optical  dam- 
age to  that  surface.  We  employed  such  a cavity  with  the  mini-TEA  laser;  the  arrangement  is 
shown  in  Fig.  11-3.  The  effect  of  the  63-percent  reflector  in  the  system,  for  a grating  reflec- 
tivity of  85  to  no  percent,  is  to  increase  the  effective  grating  reflectivity  to  ~°8  percent  and  de- 
crease intensity  at  the  grating  by  a factor  of  8 (see  Ref.  41.  The  laser  output  in  the  strongest 
lines  increased  by  -20  percent,  compared  with  operation  in  the  conventional  cavity  without  the 
63-percent  reflector;  and  optical  damage  of  the  grating,  which  had  occurred  in  the  conventional 
cavity  at  output  energies  of  25  m.T,  was  eliminated.  We  observed  single-line  laser  output  on  the 
P(8)  to  P(36)  and  the  R(121  to  R(281  lines  of  the  (OO^il  —(10^01  transition,  and  on  the  P(10)  to 
P(34i  and  the  R(101  to  R(26)  lines  of  the  (00°11  — (02%1  transition. 

In  attempting  to  increase  the  PRF  of  the  mini-TEA  laser,  we  noted  that  changing  the  gas 
flow  from  longitudinal  to  transverse  across  the  active  region  increased  the  maximum  PRF  from 
10  to  40  Hz.  Above  these  values,  interelectrode  arcing  occurred.  The  latter  value  was  obtained 
by  using  holes  drilled  in  the  lucite  plates  on  opposite  sides  of  the  laser  as  gas  inlets  and  outlets. 
The  resultant  gas  flow  was  inhomogeneous,  with  a strong  possibility  of  backscatter  of  discharge 
products  into  the  active  region.  I'nder  those  conditions,  little  further  improvement  was  attain- 
able by  increasing  the  gas  flow  rate. 

The  side  panels  of  the  laser  were  changed  to  conical  units  with  rectangular  cross  sections. 
This  reduced  the  probability  of  backscatter  from  the  downstream  side  of  the  active  region.  In 
addition,  a 6-in. -long  stilling  section  with  a cross-sectional  area  comparable  to  the  active  area 
of  the  laser  was  placed  between  the  laser  ami  the  upstream  conical  unit. 


t Philips  Laboratories,  Briarcliff  Manor.  New  York. 
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big.  11-5.  Experimental  configuration  for  absorption  measurements. 
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With  this  arrangement,  FKFa  in  excess  of  200  Hz  liavr  been  obtained  with  a clearing  ratio 
ot  1.5:1,  At  t!us  rate  the  laser  generally  operates  a re-free  for  the  order  of  10  to  15  nun.  Are- 
free  operation  at  2 50 -Hz  PU1  has  been  achieved  for  shorter  intervals.  I pon  going  into  an  arc- 
ing mode,  it  is  necessary  to  significantly  decrease  the  frequency  to  eliminate  the  arcing.  Once 
the  arcing  is  stopped,  the  frequency  can  quickly  be  returned  to  its  original  value.  Average 
mini-  1'  I A laser  power  in  excess  of  3.<  W lias  been  achieved  at  200  Hz  yielding  an  energy  ol 
is  mJ/pulse,  which  compares  favorably  with  the  low-HKl  value  of  25  mJ/pulse  produced  by 
the  same  laser. 

The  results  clearly  indicate  that  the  mim-TKA  laser  is  capable  of  operating  at  high  IHiKs 
with  line  tunability  and  at  power  levels  which  can  be  useful  for  atmospheric  optics  applications. 
Having  established  this,  we  will  completely  redesign  the  gas  flow  system  of  the  laser. 

The  present  flow  system  is  an  open  one;  that  is,  the  gas  flows  directly  through  the  laser 
and  into  the  atmosphere.  The  case  mentioned  above  of  a 200-Hz  I’Kl  with  a 1.5  clearing  ratio 
corresponds  to  a gas  flow  rate  of  the  order  of  40  liters/nun.  For  still  higher  FK1  and  the 
higher  clearing  ratios  needed  to  achieve  the  highest  power  levels  available,  the  gas  dissipation 
rate  is  clearly  excessive.  For  this  reason,  we  will  design  a semi-open  system  which  will  con- 
tinuously replace  a small  fraction  of  a circulating  gas  tlowmg  at  high  velocity  through  the  active 

laser  region.  Menyuk 

l*.  I'.  Moulton 

l . OrTK'Al  1 Ni:iu;\  i:\TRA(.  TION  FROM  MOl.lX  l L-A.K  M Kilt' l R\ 

Detailed  measurements  have  been  made  of  the  infrared-laser-imtiated  extraction  of  the  en- 
ergy stored  m metastable  mercury  excimers.  As  described  m our  previous  report,  this  work 
is  directed  toward  the  development  of  a scalable,  high-power  gas  laser  in  the  near-ultraviolet 
for  laser  fusion  applications.  Optical  pumping  from  the  O*  storage  states  (see  Fig.  11-9)  to  the 
proposed  laser  upper  state,  1 , has  been  extended  to  higher  111'  laser  powers  and  to  1)1  and 
mSr  laser  pumping.  The  induced  100  nm  emission  gave  no  indication  of  saturation  w itli  infrared- 
laser  power  at  power  densities  up  to  ~10  MW  /cm".  At  the  highest  powers,  the  laser-induced 
emission  can  be  more  than  an  order-of-magnitude  greater  than  the  thermal  value  and  depends 
on  the  temperature,  density,  and  fluorescence  wavelength,  as  will  be  discussed  below. 

A careful  study  has  been  made  of  the  wavelength  dependence  of  the  infrared- induced  emis- 
sion with  the  experimental  configuration  shown  in  Kig.  U-5,  A grating  and  a spatial  filter,  ex- 
ternal to  the  infrared-laser  cavity,  allow  the  strongest  laser  lines  to  lx-  isolated  with  a purity 
of  greater  than  9 5 percent.  The  optically  pumped  mercury  vapor  is  then  probed  w ith  the  isolated 
lines.  Results  for  HF  and  DF  lasers  are  shown  in  Fig.  11-6.  The  absorption  is  seen  to  be  re- 
markably broadband  for  a bound-bound  transition,  a fact  which  may  be  ascribed  to  the  extremely 
high  density  of  states  in  the  levels  (calculation  shows  ~ to"*  cm  *).  The  spectroscopy  of  such 
a heavy  diatomic  molecule  may  be  closely  modeled  by  the  methods  developed  to  describe  small 
aromatic  hydrocarbons.1  The  apparent  resonance  in  the  absorption  on  the  DF  l’(7),  - — t line  is 
under  closer  investigation  and  is  not.  at  tins  point,  completely  understood.  However,  perturba- 
tions between  specific  1 rovibromc  levels  and  those  of  the  nearby  levels  (see  Fig.  11-9)  will 
lend  oscillator  strength  to  absorption  into  these  specific  levels  and  can  produce  such  resonances. 
It  is  important  to  locate  these  resonances  in  order  to  maximize  the  extraction  efficiency. 

The  induced  ultraviolet  emission  spectra  for  HF  and  1)F  pumping  are  shown  in  Figs.  11-7 
and  11-8.  These  may  be  compared  with  the  thermalized  emission  spectrum,  which  is  also  shown. 


It 


Fig.  11-6.  Absorption  coefficient  vs 
infrared-laser  wavelength. 
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Fig.  11-7.  HF  induced  spectrum 


Fig.  11-8.  DF  ’nduced  spectrum, 
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It  is  clear  that,  even  at  densities  of  10  cm  , tin-  emission  is.  to  a large  extent,  unrelaxeil 
fluorescence  front  the  laser-excited  states.  Making  use  of  the  analysis  of  Smith  et  a_h,H  it  is 
possible  to  assign  the  energies  of  the  states  being  accessed  by  the  infrared  laser  and,  tlierel'orc, 


to  determine  the  variation  of  the  l'ranck-l  ondon  overlap  for  the  various  transitions  pumped. 


constant  for  both  111'  and  l)F  wavelengths  over  a range  of  several  thousand  cm 

1'he  temperature  and  density  dependencies  of  the  induced  emission  have  been  studied  over 


ranges  of  300“  to  5S0‘T'  and  10*'S  to  10*  cm  *,  respectively.  There  is  no  significant  tem|H'ra- 
turo  dependence,  in  agreement  with  the  nearly  constant  Franck-t 'ondon  overlap  which  has  been 
discussed,  ’l’he  density  dependence  is  also  slow,  showing  quenching  with  a bimolecular  rate 
constant  of  ' ’ v 10  *'  ern  Vsec.  This  second  result  is  surprising  since  values  more  than  two 

p 

orders  of  magnitude  larger  have  been  measured  by  Stock  et  aj_.  for  similar  relaxation  processes 
in  this  system.  However,  the  experimental  approach  of  Stock  et  ah  was  significantly  different 
from  ours,  since  their  excitation  was  via  high  vibronic  levels  of  the  ly  state.  In  this  case,  it 
is  possible  that  different  ensembles  of  vibronic  levels  would  be  involved  in  the  two  experiments. 
The  dissociation  of  high-lying  1 ( levels  is  known  to  be  rapid;  thus,  the  rates  measured  in  the 
two  experiments  would  not  be  the  same.  An  effort  is  now  being  made  to  resolve  this  question  by 
extending  these  measurements  to  lower  densities.  This  will  involve  the  use  of  an  ArF  laser  to 
prepare  larger  excimer  populations  at  lower  atomic  densities.  Knowledge  of  the  bimolecular 
quenching  rate  is  important  in  order  to  specify  the  maximum  llg  pressure  of  the  laser. 

O.  J.  Khrlich 
11.  M.  Osgood,  Jr. 


1).  GKNKKATION  OF  Tl  NA1H.K  FAR-INFRARKD  RADIATION 

Concurrent  with  the  heterodyne  detector  effort  in  the  fai  -infrared/submillimoter  region, 
we  are  seeking  sources  of  tunable  radiation  for  applications  to  spectroscopy,  to  frequency  stan- 
dards, and  to  remote  sensing.  The  GaAs  Schottky-diode  mixer  (see  p.  15  in  Ref.  <d  which  we 
have  developed  for  our  sensitive  receiver  and  radiometer  can  be  used  ns  a source  of  tunable 
laser-sideband  radiation  and  high-order  microwave  harmonics.  Since  the  corner-reflector  con- 
figuration acts  as  an  efficient  receiver  of  radiation,  it  will  act  reciprocally  as  an  efficient  radia- 
tor. The  resistive  nonlinearity  of  the  diode  provides  the  mixing  and  harmonic-generation 
mechanism. 

In  our  initial  experiments,  radiated  sidebands  of  a Cll^I  submillimeter  laser  line  at  447  pm 
were  generated  ami  detected  using  two  corner-reflector  diode  mixers.  One  diode  mixer  was 
simultaneously  illuminated  by  the  fur-infrared  laser  and  ted  coaxially  by  microwave  sources 
ranging  from  2.5  to  IN  GHz.  A second  diode  mixer  was  then  used  as  a high-sensitivity  hetero- 

-7 

dyne  receiver  to  detect  the  radiated  sidebands  of  the  laser  signal.  Signals  of  about  10  W, 
continuously  tunable  over  0.5  cm  * , were  observed.  Kxtcnding  this  approach  further,  we  in- 
vestigated the  use  of  these  diode  mixers  as  high-order  harmonic-signal  sources.  The  experi- 
mental arrangement  is  shown  in  Fig.  11-9,  with  the  microwave  radiation  between  17  and  37  GHz 
introduced  via  the  IF  connector  line  to  the  diode.  Radiation  generated  as  high  as  the  40th  har- 
monic was  then  detected  by  a second  diode  mixer  in  our  standard  heterodyne-receiver  configura- 
tion. In  one  particular  case,  a 37 -GHz  GaAs  Gunn  oscillator  was  used  to  generate  7 <»  1 GHz. 

This  solid  state  source  coupled  with  the  rugged  harmonic  mixer  provided  a compact,  stable. 


is 


’ 1 


f 
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1'  ig.  11-9.  Kxperimental  high-resolution 
spectrometer  using  quasi-optical  di- 
plexer  and  two  Sehottky-diode  mixers. 


Fig.  II- 10.  Photographs  of  spectrum 
analyzer  at  3 GHz  showing  transmis- 
sion of  an  absorption  cell  with  (below) 
and  without  (above)  D2O  gas.  Design 
resolution  of  this  system  is  10  kHz 
(3  x 10*7  cm**)  with  continuous  tun- 
ability  «i  cm**. 
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tunable  source  of  about  5 X 10  * * \V  in  the  submillimetc r.  Because  of  the  sensitivity  of  our  het- 
erodyne receiver,  the  observed  S/N  exceeded  dll  on  a spectrum  analyzer  having  a 100-kllz 
bandwidth. 

lligh-resolution  far-infrared  spectroscopic  studies  using  both  these  source -detector  sys- 
tems are  now  under  way.  As  a first  demonstration,  an  absorption  cell  containing  l),i>  gas  at 
low  pressure  was  placed  in  one  arm  of  the  spectrometer  las  shown  in  fig.  11-9),  35.7-Gllz  radi- 
ation from  a microwave  source  was  used  to  drive  the  mixer  diode,  and  the  17th  harmonic  gen- 
erated (o07.  US  GHz),  after  passing  through  the  absorption  cell,  was  detected  by  the  heterodyne 
receiver.  The  1,0  was  supplied  by  an  optically  pumped  Gll^f  laser  operating  at  604.295  GHz, 
giving  an  If  around  i GHz.  Tuning  through  the  0,0  absorption  line  was  accomplished  by  tuning 
the  mil' i-o wave  source,  figure  11-10  shows  the  far-infrared  output  with  and  without  the  gas. 
Because  of  residual  pressure  from  condensed  liquid  in  the  absorption  cell,  the  linewidth  could 
not  lie  reduced  below  the  £0  MHz  shown.  The  resolution  of  the  spectrometer  is  about  100  kHz, 
being  presently  limited  by  the  stability  of  the  laser  1,0. 

This  preliminary  work  will  now  be  continued  with  other  gases  that  have  absorptions  near 

strong  laser  1,0  lines,  and  will  be  applied  particularly  to  atomic  fine  structure  resonance  lines 

that  have  extremely  narrow  and  stable  transitions  which  can  be  used  as  references  for  far- 

infrared  frequency  standards.  ,,  ..  ,, 

1 11.  If.  fetterman  B.  J.  Glifton 

W.  A.  M.  Blumbcrg  G.  1).  Barker 
1’.  f.  Tanncnwald 


f.  INfKAHKIi  AHSOKHTION  STTDIfS  Of  GO,  - I ASfli -fXGIT  fl  > Sf(i 

We  have  extended  the  infrared-infrared  double-resonance  measurements  of  Sf  previously 

i G 

reported  (see  lief.  10  and  p.  2 I in  Kef.  1)  to  GO  ,-laser  l'liienccs  as  high  as  1 J/cm  . A paper 
based  on  these  results  is  currently  being  prepared  for  publication;  only  a brief  summary  of  the 
conclusions  is  presented  here. 

(1)  The  absorption  spectrum  immediately  following  the  GO, -laser  pulse 
shows  a strong  red  shift. 

i2)  The  spectrum  shows  a pronounced  shift  of  absorption  strength  toward 
higher  frequency  on  a time  scale  of  several  microseconds.  This  shift 
is  independent  of  excitation  level  over  the  I-  to  10-photons/nioleeule 
range. 

(1)  This  variation  in  the  absorption  spectrum  is  most  plausibly  interpreted 
as  a "cooling"  of  the  i>,  vibrational  mode  and  a redistribution  of  the  in- 
ternal vibrational  energy  among  the  remaining  vibrational  degrees  of 
freedom. 

(•1)  At  the  l-photons/molecule  excitation  level,  the  observed  spectra  are 
similar  to  shock-tube  measurements  of  the  r ^-mode  absorption  spec- 
tra of  hot  S f ^ , and  the  measured  spectra  are  in  reasonable  agreement 
with  the  thermal  spectrum  expected  at  this  fluence  for  complete  vibra- 
tional energy  thermalization. 

( S)  At  the  10 -photons/molecule  excitation  level,  the  observed  spectra  arc 
no  longer  as  well  described  by  a thermal  distribution. 
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(<•)  Although  some  collisions  do  occur  and  are  indeed  required  for  our  mea- 
surement. we  have  not  observed  any  pressure  dependence  of  this  spectral 
relaxation;  this  suggests  thut  it  may  reflect  a collisiouless  intramolecular 
ene rgy  random izat ion. 

(7)  A much  broader  induced  absorption  band,  approximately  two  orders  of 
magnitude  weaker  than  the  "hot"  r ^ absorption  spectrum,  has  been  ob- 
served on  the  high-frequency  side  of  the  r band.  This  spectrum  ex- 
tends more  than  100  cm  * above  r ^ and  is  in  qualitative  agreement  with 
the  multiphoton  excitation  spectrum  found  in  two-frequency  dissocia- 
tion experiments.  This  is  the  first  direct  observation  of  the  blue 

quasi-continuum.  T.  F.  Deutsch 

S.  It.  J.  ltrueck 


!■'.  t'(),-l  ASKIt-lN  Dl  l'  FI)  DISSOCIATION  t)l>'  Sill^ 

The  infrared-laser- induced  photochemistry  of  silane  is  of  interest  from  several  standpoints. 
While  it  was  established  in  the  early  experiments  of  liasov  et  al.**  that  a CW  IT).,  laser  can  dis- 
sociate Si l at  pressures  of  -00  Torr  into  silicon  and  hydrogen,  it  has  not  been  determined  if 
Sill  j can  undergo  collisiouless  multiphoton  dissociation  m the  same  fashion  as  Sl'^.  BClj,  and 
a number  of  other  molecules.  Silane-based  reactions  may  have  application  to  visible  lasers; 

for  example,  CO  ,-laser-induced  decomposition  of  silane  has  been  suggested  as  a possible  source 

■ 12 
of  Si  atoms  to  generate  visible  laser  action  in  SiO  using  the  oxidation  of  silicon,  and  the  laser- 

initiated  reaction  of  Sill,  with  SF(  has  recently  been  used  to  obtain  visible  luminescence  from 

S,  (see  ltef.  13). 

We  have  studied  the  CO, -laser- induced  chemistry  of  silane  in  order  to  characterize  the 

energy  absorption,  visible  luminescence,  and  dissociation  processes  involved.  A publication 

describing  the  experiments  in  detail  is  in  preparation;  the  main  results  are  summarized  here. 

1*1 

Studies  of  energy  deposition  in  Sill^  by  a CO^  TFA  laser  using  both  optoaeoustic  and  direct 
transmission  measurements  showed  that  the  absorption  is  only  1.5  photons/molecule  at  a fluence 
of  0.8  J/cni  , t-Torr  Sill^,  and  180-nsec-wide  I *(20)  CO,  pulses.  By  contrast.  SF(  at  this  same 
fluence  absorbs  ~7  photons/molecule  in  a collisiouless  regime.  The  pressure  dependence  of 
the  dissociation  of  Sill^  at  a fluence  of  140  j/cm“  at  944.-  cm  *,  l‘(-0)  line  is  presented  in 
Fig.  11-11  and  shows  that  dissociation  is  a collisional  process.  Figure  11-12  shows  the  fluence 
at  the  threshold  for  visible  luminescence,  which  correlates  well  with  the  behavior  of  the  disso- 
ciation. The  luminescence  is  accompanied  by  electrical  conductivity;  the  spectral  content  of 
the  radiation  lias  been  examined  using  an  optical  multichannel  analyzer.  The  spectrum  consists 
mainly  of  molecular  and  atomic  hydrogen  lines,  although  a few  lines  remain  unidentified.  The 
difference  between  the  behavior  of  Sl'(  and  Sill^  under  CO^-laser  excitation  is  attributed  to  the 
fact  that  the  density  of  states  in  the  latter  is  sufficiently  low  to  make  collisionless  multiphoton 
dissociation  impossible. 
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A.  ELECTRICAL  PROPERTIES  OF  InP 

1 1 

Infrared  diode  lasers  and  avalanche  photodiodes  utilizing  GalnAsP  epitaxial  layers  grown 
on  InP  substrates  are  promising  sources  and  detectors  for  fiber  optics  communications  at  1.1  to 
1.3  pm.  In  order  to  provide  InP  substrate  material  for  these  devices,  we  have  been  synthesizing 
polycrvstalline  InP  from  the  elements  and  then  growing  single  crystals  of  the  compound  by  the 
liquid -encapsulated  Czochralski  (I.EC)  method.  In  this  report,  we  summarize  the  results  of 
resistivity  IP)  and  Mali  coefficient  ( K j ( ) measurements  made  on  the  polycrystalline  material  and 
on  numerous  n-type,  semi-insulating,  and  p-type  LHC  crystals. 

1 ‘olyc rystalline  InP  is  synthesized  front  the  elements  insiile  an  evacuate d,  sealed,  fused- 

4 

silica  ampoule  in  a horizontal  two-zone  furnace.  The  In  is  placed  in  a fused-silica  boat  at  one 
end  of  the  ampoule,  and  the  P is  placed  at  the  other  end.  The  In  boat  is  heated  to  ~1000,,c, 
and  the  P reservoir  is  heated  to  a constant  temperature  in  the  4 20°  to  480°C  range.  A molten 
In-P  solution  is  formed  in  the  boat  by  transfer  of  P vapor  from  the  reservoir,  then  solidified 
directionally  to  form  an  InP  ingot.  In  early  runs,  solidification  was  accomplished  by  gradually 
lowering  the  temperature  of  the  hot  zone,  but  now  is  achieved  by  pulling  the  ampoule  toward  the 
cold  end  of  the  furnace.  Solidification  rates  between  1 and  5 cm/day  have  been  used. 

Only  a minority  of  the  polycrystalline  ingots  have  yielded  samples  suitable  for  electrical 
measurements,  since  the  grain  size  in  most  of  the  ingots  has  been  too  small.  All  samples  that 
have  been  measured  are  n-type.  For  these  samples  the  electron  mobilities  (p  = Hjj/p)  at  77  and 
300  K are  plotted  in  Fig.  Ill  - 1 vs  the  electron  concentration  (n  = 1 /R  j jt? ) at  100  K.  Due  to  ion- 

ized impurity  scattering,  p77  generally  decreases  with  increasing  n^0Q,  which  is  approximately 
equal  to  n77>  The  samples  with  n}QQ  above  10l1’  cm  were  obtained  from  ingots  prepared  early 
in  the  program,  before  satisfactory  techniques  were  developed  for  handling  the  elements  and 
sealing  the  synthesis  ampoules.  The  latest  ingot,  which  used  In  from  Johnson  Matthey  and  P 
from  Mining  and  Chemical  Products,  was  solidified  at  a rate  of  about  2.5  cm/day  with  a P res- 
ervoir temperature  of  4250C.  For  a sample  from  the  center  of  this  ingot,  n - 1.5  * 10,S  cm  5 
4 2-1  - 1 

and  p77  = 6.0  x 10  cm  V sec  , indicating  that  there  is  very  little  acceptor  compensation. 

1'hese  values  approach  the  best  so  far  reported  for  polycrvstalline  InP  (Ref.  4).  Additional  work 
is  in  progress  to  determine  the  best  sources  of  In  and  P,  to  improve  the  cleanliness  of  the 
handling  procedures,  and  to  check  the  effect  of  different  boat  materials  such  as  13N  and  vitreous 
carbon  on  InP  purity. 

The  I.EC  technique  is  the  best  method  now  available  for  growing  bulk  single  crystals  of  Ini', 
but  several  problems  remain.  Unless  the  growth  conditions  are  maintained  within  fairly  narrow 
limits,  the  yield  of  single-crystal  boules  is  very  low  because  of  twinning  and  subsequent  nuelea- 
tion  of  new  grains  at  the  intersections  of  twin  planes.  In  addition,  constitutional  supercooling  is 
often  troublesome  because  the  polycrvstalline  charge  usually  contains  metallic  In  inclusions  and 
is  therefore  nonstoichiometric.  We  believe  that  a large  temperature  gradient  at  the  crystal- 
melt  interface  minimizes  both  effects.  If  the  gradient  in  the  growing  crystal  becomes  too  large, 
however,  the  defect  density  is  expected  to  increase  due  to  strain.  We  have  not  made  temperature- 
gradient  measurements  in  our  I.EC  crystal  puller,  which  uses  an  rf  induction  generator  to  heat  a 
graphite  susceptor  containing  the  melt  crucible,  but  we  have  varied  the  gradient  by  raising  or 
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Fig.  Ill- 1.  (electron  mobilities  at  77  and  100  K (p-,-.  and  p^^l 

as  a function  of  electron  concentration  at  100  K (nJ00)  for  n-type 

samples  of  Ini’  from  undoped  polycrystalline  ingots  and  from 
undoped  or  Sn-doped  boutes  grown  by  1 IX'  technique. 


lowering  the  susceptor  with  respect  to  the  rf  coil.  In  recent  runs  we  have  employed  a BN  cru- 
cible s cm  in  diameter  and  s cm  high,  an  Ini’  charge  of  tt«0  g.  a pro-baked  11, 0,  encapsulant 
charge  of  10  g.  a square  Ini'  seed  with  the  (11111*  face  down,  Ar  gas  pressures  of  40  to  4k  atm, 
and  pull  rates  of  1 to  2.x  cm  hr.  Over  half  the  bottles  grown  under  these  conditions  consist 
ntainlv  of  a single  crystal. 

All  samples  front  nominally  undoped  1 IX'  bottles  have  been  n-type.  The  n and  p data  for 
these  samples  and  for  samples  from  three  Sn-doped  bottles  (tt  - 10*7  cm  ')  are  included  in 
Kig.lll-1.  Where  electrical  measurements  were  made  on  samples  from  the  poly  crystalline 
charge  used  for  growth  of  an  undoped  bottle,  the  data  for  the  charge  and  bottle  have  been  com- 
pared in  order  to  estimate  the  amount  of  contamination  resulting  from  the  1 IX  grow  th  process. 

In  the  worst  case,  the  total  ionized  impurity  concentration  (as  estimated  from  n_,  and  p_7l 

Is  - 1 j s ' 1 - i ' 

increased  by  less  than  ~k  x to  cm  , while  two  bottles  contained  ~t  x to  cm  ~ fewer 

ionized  impurities  than  their  charges.  Hie  highest  value  of  p.,-,  that  we  have  measured  to  date 

for  I..KC  Ini’  is  3.8  x 10  cm  \ * sec  V for  a sample  with  = 2.7  x t0*S  cm  '. 

I’o  obtain  semi-insulating  Ini',  we  have  used  the  technique  of  doping  with  Ke , a deep  acceptor 
with  an  energy  level  located  near  the  center  of  the  Ini’  bandgap.  Klemental  Ke  is  loaded  into  the 
BN  crucible  along  with  the  polycrystalline  charge,  and  1 IX'  growth  is  carried  out  under  condi- 
tions similar  to  those  described  above.  I'o  determine  the  activation  energy  for  thermally  excited 
electrons  from  the  Ke  acceptor  level  to  the  conduction  band,  R ^ and  p were  measured  over  the 
temperature  range  from  2'*0  to  380  K for  a semi-insulating  sample  from  an  Ke-doped  bottle.  For 


this  sample,  n. 


2.3  x 107  cm'1,  p,.0  = 7.6  x 1 0 ‘ ii-ctn,  and  p nn  = 2.»  x tO1  cm" V- 'sec'* , 


Kitf.  Ill -2.  Dependence  of 


* Z 

KUT 


(left 


ordinatel  and  resistivity  alright  ordinatel 
i'ii  reciprocal  absolute  temperature  it  T1 
for  a semi- insulating  lnl‘  sample  from  an 
Te -doped  1 IT  boule. 


the  highest  mobility  so  far  reported  for  semi -insulating  Ini’.  The  results  of  the  measurements 

. 3 /2 


>11 . and  p are  plotted  on  logarithmic  scales  vs  reciprocal 


are  shown  in  Tig.  111-2.  where  Kj|T 
absolute  temperature  (I  1').  The  activation  energy  obtained  is  0.t> ‘s  eV,  in  good  agreement  with 
published  values  of  0.t>t>  e\  (Kef.  M anil  0.i>8  eV  ( Kef.  t> >. 

Tor  samples  from  several  recent  To-doped  boules.  n at  ~2’>0  K is  plotted  in  Tig.  111-3  as  a 
function  of  the  mole-fraction  of  To  added  to  the  grow  th  charge.  The  number  given  beside  each 
data  point  is  the  value  of  p at  the  same  temperature  in  units  of  10  si -cm.  I’he  curves  shown 
in  Tig.Ul-3  were  calculated  by  assuming  various  values  for  the  difference  between  the 

total  donor  concentration,  and  \ ^.  the  concentration  of  acceptors  other  than  Te.  and  adopting 
t.b  v 10  as  the  distribution  coefficient  for  Te  in  Ini’  (Kef.  71  and  O.eS  e\  as  the  energy  differ- 
ence between  the  Te  level  and  the  conduction-band  edge.  Comparison  of  the  experimental  points 

with  these  curves  indicates  that  the  values  of  tN.,  N.  I range  from  over  s \ to*1'  cm"'  to  nearlv 

lb  -3  11  *' 

4x10  cm  . These  values  are  surprisingly  high  in  view  of  the  fact  that  n.„„  in  the  most  re- 


cent undoped  l.KC  boules  is  less  than  S \ 10**'  cm"' 


•00 


The  additional  donors  might  be  due  to 
small  concentrations  of  contaminants  m the  Te  used  for  doping  that  have  distribution  coefficients 
much  larger  than  that  of  Te. 

A number  of  p-tvpe  l.KC  boules  with  hole  concentrations  ip between  about  7 x 10**'  and 

18  -3  -'"v* 

8 x 10  ' cm  have  been  obtained  by  loading  elemental  Zn  or  Cd  into  the  13N  crucible  along  with 
the  polvcrystalline  charge,  then  proceeding  with  crystal  growth  in  the  usual  manner.  The  hole 
mobilities  ip  It j j p 1 at  77  and  300  h for  samples  from  these  Zn-  and  Cd-doped  boules  are 
plotted  against  P„)p  in  Tig.  IH-4.  Data  are  also  shown  for  two  samples  with  P^0q  of  less  than 
1 0 1 cm  ' from  boules  that  were  intentionally  doped  with  Te  but  also  contained  Zn  due  to 
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MOLE  -TRACTION  *•  IN  CMARCt 

Kir.  Ul-3.  Klectron  concentration  at  300  k (n^^t  for  semi-msulatmR 

samples  of  In  1 * as  a function  of  mole-fraction  of  Ke  added  to  1 KC 
charge.  Curves  were  calculated  for  indicated  values  of  difference 
between  total  donor  concentration  and  concentration  of  acceptors 
other  than  Ke. 
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Kir.  1H-4.  Ilolo  mobilities  (pi  at  77  and  300  K as  a function 
of  hole  concentration  at  100  K (p^ggl  for  p-tvpe  samples  of 

Ini’  from  Zn-  or  t'd-doped  l KC  boules. 
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crucible  contamination.  I’he  results  in  Fig.  HI— 1 are  in  general  agreement  with  earlier  values. 


8.>» 


indicate  that  the  lattice  mobilities  for  holes  in  Ini’  at 


The  results  for  the  lowest  values  of 

77  and  500  K are  at  least  1800  and  ISO  em*"Y  'sec  *.  respectively.  For  hole  concentrations 
exceeding  about  1 x 10  **  cm  . p77  is  less  than  u, 


‘t00  *uvause  K|j  ls  lower  at 


K than  at  tOO  K, 


presumably  due  to  impurity  banding. 
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It.  I lQl  llH  S DATA  FOR  1.1’K  GROW  I'll  OF  Ga.  47InQ  S3As  ON  Ini'  SI  BS  I'HA  I KS 


For  optimum  performance  and  reliability  of  optoelectronic  devices  fabricated  from  semicon- 
ductor heterostructures,  the  lattice  constants  of  the  epitaxial  layers  and  the  substrate  forming 
these  structures  should  be  matched  as  closely  as  possible.  The  ternary  alloy  Ga^  ^In^ 
which  has  an  energy  gap  of  0.78  eV  (corresponding  to  a wavelength  of  1.65  pm),  has  the  same 
lattice  constant  as  Ini’.  Consequently,  there  is  considerable  interest  in  infrared  devices  utiliz- 


ing lattice-matched  heterostructures  produced  by  using  liquid-phase  epitaxy  (I.l’K)  to  grow 


l,atl  (-lno  c,t‘^s  lavors  0,1  l'1*’  substrates.  Diode  lasers.10  photodiodes.1  1,1  and  photocath- 


odes1 s have  recently  been  fabricated  from  such  heterostructures. 


l he  1.1’K  growth  of  Ga(1  j,IHq  ^jAs  on  ( 1 1 1 IB-oriented  Ini’  substrates  has  been  reported  by 


several  workers,10  1“,1<  '*  ‘ and  growth  on  (1001  substrates  has  also  been  achieved.1*"’ 11,1 1 


However,  the  data  on  the  liquidus  compositions  and  temperatures  that  result  in  deposition  of 
lattice-matched  layers  are  limited,  and  in  some  cases  inconsistent.  We  have  now  determined 
liquidus  data  for  growth  on  both  substrate  orientations  over  the  temperature  range  between 
8-10  and  720'C'.  For  temperatures  below  about  690-1'.  these  data  confirm  an  earlier  report* 
that  different  solution  compositions  are  required  for  lattice -matched  growth  on  the  two  orienta- 
tions at  the  same  temperature.  By  using  accurate  liquidus  data,  we  are  able  to  obtain  high- 


.1° 


quality  layers  as  easily  on  (100)  substrates  as  on  ( 1 ‘ t)B  substrates,  although  it  has  been  reported 

18 

previously  that  (1001  growth  is  considerably  more  difficult. 

’0 

I .iquidus -temperature  ( 1'^ ) determinations  were  made  by  the  visual  observation  method. 

For  each  measurement,  a mixture  of  GaAs,  InAs.  and  In  with  the  desired  composition  was 


placed  in  the  solution  well  of  a horizontal  graphite  boat  inside  a transparent  furnace.  I'he  mix- 
ture was  heated  until  it  became  completely  molten,  cooled  until  spontaneous  precipitation  of 
Cla^liij  ^ As  occurred,  and  then  gradually  reheated  until  the  precipitates  completely  dissolved. 
The  temperature  at  which  the  precipitates  (ust  disappeared  was  taken  to  be  l'( . 


l’o  determine  the  alloy  composition  deposited  from  a given  growth  solution,  1.1'K  growth 

2 1 

was  carried  out  in  a horizontal  graphite  slider  boat  bv  means  of  the  supercooling  technique. 


A (II  1)H  or  (t00)  Ini’  substrate  was  placed  in  the  boat,  the  desired  mixture  of  GaAs,  InAs.  and 
In  was  placed  in  the  solution  well,  and  the  temperature  was  raised  until  the  mixture  became 
molten.  I'he  furnace  was  then  cooled  at  a constant  rate  of  0..!"c'  min.  until  the  temperature 
reached  about  6"C  below  1'^ . the  molten  solution  was  placed  in  contact  with  the  substrate,  cool- 
ing was  continued  at  the  same  rate  until  an  epi layer  about  8 pm  thick  was  formed,  and  the  solu- 
tion was  pushed  off  the  substrate.  I'he  lattice  constant  of  the  grown  layer  was  measured  with 
an  x-ray  diffractometer,  using  the  diffraction  lines  of  the  substrate  as  an  internal  standard. 

We  estimate  that  a lattice  mismatch  as  small  as  0.08  percent  can  be  measured  by  this  method. 
In  some  cases,  the  composition  of  the  layer  was  measured  by  electron  microprobe  analysis. 

The  epi  layer  lattice  constant  was  found  to  increase  by  about  0.01  percent  per  micrometer  in  the 


>8 


I. 


direction  away  from  the  substrate  surface,  but  no  composition  variation  could  be  detected  with 
the  microprobe  even  for  layers  more  than  20  |iin  thick.  1'his  result  is  consistent  with  the  value 
of  1 1 percent  usually  adopted  for  the  relative  accuracy  of  microprobe  analysis. 

The  experimental  results  for  the  1.1’IC  growth  of  Ga^lii!  ^As  from  Ga-ln-As  solutions  are 
summarized  in  Table  111- 1,  which  lists  the  As  and  Ga  concentrations  in  each  growth  solution, 
the  value  of  I' . . the  lattice  mismatch  between  the  grown  layer  and  the  substrate  (defined  as  the 
lattice  constant  of  the  laver  minus  that  of  Ini',  divided  bv  the  lattice  constant  of  Ini’),  and  the 


TABLE  lll-l 

EXPERIMENTAL  DATA  FOR  LPE  GROWTH  OF  Go  In,  As  ON  InP 

x l-x 


~ 

Composition 
of  Liquid  (a/o) 

' 

Lattice 

Composition 

Substrate 

Orientation 

A,'  1 

Ga1 

T i (°C) 

Mismatch 

(percent) 

of  Solid 
(x) 

2.49 

2.34 

577 

0 

0.470 

4.53 

2.62 

627 

0 

0.464 

8.75 

3.00 

691 

0 

- 

10.50 

3.20 

714 

0 

- 

(lll)B 

2.07 

1.31 

544 

+ 1.35 

— 

2.62 

2.62 

579 

-0.24 

- 

4.63 

2.82 

631 

-0.34 

- 

7.40 

3.00 

676 

-0.13 

- 

,(X*aGolnAj  0|nP^a|nP- 
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layer  composition  if  it  was  measured.  Data  for  growth  on  (111)11  and  (100)  substrates  are 
grouped  separately,  l'he  lattice  mismatch  is  listed  as  zero  for  those  cases  in  which  it  was  too 
small  to  be  measured.  The  layer  composition  was  measured  in  four  of  these  cases.  To  within 
the  accuracy  of  the  microprobe  analysis,  all  the  measured  compositions  agree  with  the  value 
of  x - 0.47  previously  reported*^'*1  for  the  composition  of  Ga^In^  ^.As  that  is  lattice-matched 
to  InP. 

For  those  growth  solutions  that  yielded  lattice-matched  layers,  the  liquidus  data  are  shown 
in  Fig.  Ill -5,  where  I\  (upper  graph)  and  Ga  , the  concentration  of  Ga  in  the  solution  (lower 

1 i 

graph),  are  plotted  against  As  , the  concentration  of  As  in  the  solution.  Figure  III  - 5 also  in- 

12  19 

dudes  data  previously  reported  by  \agai  and  Noguchi  “ and  by  Pearsall  et  ah,  which  are  in 

14 

good  agreement  with  the  present  results,  and  the  data  of  Uachmann  and  Shay,  which  are  not. 


Fig.  I1I-5.  Liquidus  temperature  (upper 
graph)  and  Ga  concentration  in  growth 
solution  (lower  graph)  plotted  against  As 
concentration  in  growth  solution  for  I.EC 

growth  of  lattice-matched  Ga-  .-In-  --As 

o . 4 i U . a } 

epi layers  on  (I  I 1)11-  and  ( 1 00) -oriented 
substrates  of  InP. 


The  data  in  Fig.  Ill  - 5 demonstrate  a marked  effect  of  substrate  orientation  on  epilayer  com- 
position. which  has  been  reported  earlier  for  Ga  .In  As  (Ref.  19)  and  also  for  Ga  In.  .As  ,P. 

x l -x  x 1 -x  v 1-y 

(Ref.  22).  For  both  substrate  orientations  that  we  have  investigated,  lattice-matched  growth  has 

been  obtained  over  a range  of  As*  values  from  about  2 to  11  a/o.  In  each  case,  Ga*  and  T.  in- 

I II* 

crease  as  As  increases.  For  a given  value  of  As  . the  values  of  Ga  and  T required  for 
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lull ii  •’  mnli  In’ll  h'r.ivvlli  at  IIip  li I tempera!, irca  urn  Hip  name  for  hot),  or  I rotation  a.  Itrlow 

about  Iiiiwpv  i • tlip  rnpilred  valnea  nf  (ia  mul  T,  are  aliiiilflrantly  higher  rnr  (II I ill 

auhatratri-  o,ar  up  1 1 Oil,  imbatratea,  mul  the  difference  (in’ n-aaea  with  decrraaihg  temperature. 

• n expenmenta  mi  Hip  I I'K  growth  or  (ia^litj  ^1*  layera  on  ti'aAa  auhatratea,  it  wan  ohaereed 

Dial  llip  lattice-matched  rompoaltton  waa  deposited  from  growth  aolulliiiia  covering  a aigniflt  ant 
» \ 

composition  range.*'  Clip  data  of  I'alilp  111-1  Indicate  that  aurh  |irpfprpntial  ilp|ioattion  of  Hip 
lattice-matched  composition  ("latttpp  pulling"!  dors  not  occur  for  Hip  growth  of  tia^ln(  ^As 
layers  on  Ini’  substrates.  alnop  pvnn  amall  changes  in  aolution  composition  ranap  significant 
changes  In  rpllsver  pompoaitlon.  I'or  example,  for  growth  on  (1001  substrates  from  aolutiona 
with  A,/  - 2. NO  a <i,  Hip  lattice-matched  pompoaitlon  waa  obtained  for  tiaf  - 1.70  a *o.  but  a posi- 
tive lattlrp  miamatrh  waa  olitainpil  for  (ia*  ■ l.tiO  a/o  and  a negative  mlamalrh  for  tin 1 I.Hh  a o. 
thir  prrvioua  experiments  on  Hip  growth  of  lia^bi|  ^Asvl’j  v layers  on  Ini’  aiihnlrntoa  alao  in- 
dicatpd  the  ahacnce  of  lattipp  pulling.*''' 
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IV.  MICROELECTRONICS 

A.  MONOLITHIC  SILICON  BOLOMETERS 

Broadband  radiation  detectors  in  the  1-  to  30-cm  1 band  which  will  operate  between 
0.3  to  4.2  K are  under  development.  For  this  purpose,  a bolometer-type,  silicon  detector 
is  being  fabricated.  The  entire  bolometer  structure,  illustrated  in  Figs.  IV-1  and  IV-2,  is 
etched  out  of  single-crystal,  high-purity  silicon  wafers.  The  actual  detector  area,  which  is 
5 mm  X 5 mm  x 10  pm  thick,  is  suspended  by  four  narrow  silicon  "spider"  legs  from  a 
150-pm-thick  silicon  frame.  The  spider  legs  are  3 mm  long,  and  have  a nominal  10-pm-thick  x 
50-pm-wide  cross  section.  The  resistance  thermometer  in  the  center  is  designed  to  have  a 

1 u _ a 

uniform,  5-percent  compensated  net  donor  density  of  3.3  x 10  cm  to  a depth  of  0.55  pm. 

This  is  accomplished  by  a series  of  five  phosphorous  implants,  compensated  by  an  addi- 
tional series  of  five  5-percent  compensating  boron  implants.  The  design  goal  is  a device 
with  a radiation  noise  equivalent  power  (NEP)  of  2 x 10  15  w/llz1/2  at  1.5  K with  a l/30-sec 
time  constant. 

The  silicon  wafers  used  for  this  detector  development  are  <100>  float-zone  silicon  doped 
with  phosphorus  in  the  range  1000  to  200  ohm-cm.  On  each  1 50-pm-thick,  51-mm-diam 
wafer,  four  15-mm-square  bolometers  are  fabricated.  To  form  0.1 -pm-deep  ohmic  contacts 
to  the  resistance  thermometer,  an  initial  arsenic  implant  of  2 x lo1^  cm  ^ at  1 50  keV  is  im- 
planted through  a molybdenum/gold-on-SiO-,  mask.  After  an  additional  photolithography  step, 
the  compensating  boron-implant  series  given  in  Table  IV-1  is  performed.  The  phosphorous- 

implant  series  given  in  Table  IV-2  is  performed  next  to  achieve  a net  donor  density  in  the 
1 8 "3 

3.5  X 10  cm  range.  All  implants  are  then  activated  in  the  course  of  a passivation  oxidation 
in  steam  at  900°C  for  15  min.  followed  by  a 15-min.  anneal  in  N'2  also  at  900°C. 

At  this  point  in  the  process,  chrome-gold  is  deposited  on  both  sides  of  the  wafer,  and  the 
wafer  is  photolithographically  processed  and  etched  to  form  both  the  contacts  to  the  As  implants 
and  the  etch  mask  for  the  silicon  thinning  step.  The  resistors  are  then  tested  at  4.2  K,  and 
normally  exhibit  a temperature  variation  approximated  by 

R(T)  Rq  exp[T/T0f 1//2 

4 

where  RQ  and  TQ  are  curve  fitting  parameters.  Usable  devices  exhibit  an  R at  4.2  K of  8 x 10 
to  4 x 105  ohms.  Approximately  20  percent  of  all  devices  fabricated  meet  this  criterion. 

The  reasons  for  the  low  yield  are  currently  under  investigation.  Two  possible  problems  are 
ion  implant  nonuniformities,  and  incomplete  activation  of  the  entire  series  of  implants  at  the 
activation  temperature  of  900°C. 

Subsequent  processing  for  the  bolometers  includes  an  isotropic  silicon  back  etch  of 
the  active  bolometer  element  to  5 to  10  pm,  and  a hydrazine  anisotropic  etch  on  the  front 
side  to  form  the  spider  support  structure.  The  bolometer  is  completed  by  the  evaporation 
of  bismuth  and  SiO  absorber  layers  on  the  back  side  of  the  active  bolometer  element  (see 
Fig.  IV-2). 

■ i ■!»-  i mu  _ 
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Fig.  IV-1.  Integrated  silicon  bolometer, 
15  x 15  mm.  Outside  frame  is  150  (am 
thick,  while  center  resistance  thermom- 
eter and  "spider"  legs  are  10  pm  thick. 
Width  of  legs  is  50  pm.  Hright  bands  at 
each  of  center  section  are  gold  contacts 
to  resistance  thermometer. 
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Fig.  1V-2.  Cross-sectional  diagram  of  integrated  silicon  bolometer  with  detail 
of  absorber  and  resistance  thermometer. 


TABLE 

COMPENSATING  B 

IV- 1 

ORON  IMPLANT 

Boron  Dose 

Ion  Energy 

(cm  ) 

(keV) 

4.50  X lO12 

135 

12 

2.74X  10'* 

80 

12 

1 .68  X 10'* 

50 

12 

1 . 06  X 10 

33 

7. 90  X lo" 

20 

TABLE  IV 

-2 

PHOSPHOROUS-IMPLANT  SERIES 

Phosphorous  Dose 
(cm*2) 

Ion  Energy 
(keV) 

8.75X  lO13 

400 

5.25  X lO13 

265 

3.32  X 1013 

160 

2.19X  1013 

105 

1.40X  lO13 

65 

The  detectors  that  have  been  tested  behave  as  expected  from  their  resistance -vs -temperature 
curves  and  their  geometry.  Characteristics  of  some  typical  devices  are  given  in  Fig.  IV-3.  The 
time  constants  are  independent  of  temperature  from  4.2  to  1.5  K.  The  thermal  conductivity  vs 
temperature  shows  a T5  dependence  and  gives  consistent  values,  both  at  high-  and  low-bias 
powers.  The  excess  current  noise  (1/f  noise)  at  optimum  bias  in  the  best  detectors  is  less  than 
the  Johnson  and  phonon  noise  at  frequencies  greater  than  5 Hz.  These  detectors  have  radiation 
NEPs  in  the  range  of  a few  times  1 0 ~ 11  W/llz1/2  at  1.5  K with  single  time  constants  of  a few 
milliseconds.  With  optimization  of  current  fabrication  techniques,  including  reduction  of  the 


Fig.  IV-3.  Kesistance  dependence  on 
temperature  for  three  typical  silicon 

Integrated  bolometers.  T 1 ' “ expo- 
nential behavior  is  clearly  demon- 
strated. Significant  change  in  resis- 
tance in  range  below  4.3  K allows  for 
very  precise  cosmic  background  radi- 
ation measurements. 
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detector  thickness  to  S pm  and  the  spider  leg  cross  section  to  is  \ s pm.  the  design  goal  radia- 
tion NE11  of  2X10  *S  W/llz*  at  t.s  K with  a 1/  10-sec  time  constant  should  he  realized. 

I).  .1.  Silversmith  It.  Weiss1 
J.  1’.  Donnelly  1*.  M.  Downey  1 
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It.  t’ 11. MICE -CO!' PLED  DEVICES:  SAW  CCD  lU'EEEIt  MEMOHV 

The  first  SAW/CCD  buffer  memory  device*  has  been  assembled,  and  evaluation  of  the  com- 
pleted unit  is  in  progress.  This  report  focuses  on  the  details  of  the  package  design  and  as- 
sembly procedure. 

The  packaging  of  a SAW  CCD  device  is  a challenging  problem.  Previous  acoustoolectrie 

> i 

devices  such  as  the  convolver  or  the  memory  correlator  ' do  not  require  any  connections  to 
the  front  face  of  the  silicon  chip.  However,  in  order  for  a CCD  to  operate,  at  least  t .1  connec- 
tions must  be  made  to  the  front  surface.  Eurthermore,  the  metallization  on  a CCD  is  almost 
t pm  thick.  If  the  gap  between  the  propagating  surfaee  wave  anil  tin-  surface  of  the  semicon- 
ductor is  to  have  the  required  spacing  of  less  than  0.f’  pm.  then  the  lithium  niobate  (l.tXhO^) 

SAW  crystal  must  be  made  narrower  than  the  silicon  chip,  in  contrast  to  previous  devices 
which  utilized  narrow  silicon  strips  placed  on  top  of  a relatively  wide  SAW  delay  lino.  Care 
must  also  be  taken  that  there  is  no  metallization  on  the  silicon  in  the  region  overly  ing  the  SAW 
crystal. 

The  scheme  developed  to  solve  these  problems  is  based  on  the  technique  used  for  the  con- 

i 

volver  and  for  the  memory  correlator.  ' and  is  illustrated  in  Eig.  IV— I.  The  assembly  sequence 
is  as  follows.  Eirst  the  CCD  die  is  epoxied  to  a gold  pad  on  the  kapton  sheet,  and  aluminum 
wires  are  ultrasonieally  bonded  to  pads  on  the  CCD  and  to  gold  conductors  on  the  Kapton.  Then 
the  Kapton  is  attached  to  the  header,  which  has  previously  been  fitted  with  gold-plated  kovar 
leads.1  Eltrasonieally  bonded  aluminum  wires  are  used  to  connect  the  conductors  on  the  Kapton 
to  the  leads  in  the  header.  A photograph  of  a CCD  silicon  wafer,  Kapton  sheet,  and  header, 
assembled  as  described  above,  is  shown  m Eig.  IV-‘>. 

The  l.iNbO , delay  line  has  gap  spacers  and  alignment  marks  that  were  ion-beam  etched  into 
the  surfaee  of  the  crystal.  The  crystal  is  mechanically  ground  into  a dog-bone  shape  in  order 
to  leave  room  for  the  input  transducer  and  a test  transducer  at  the  wide  ends,  while  making  the 
center  section  of  the  crystal  (which  will  carry  the  surface  wave  over  the  silicon  sampling  fingers) 
narrow  enough  not  to  touch  the  thick  metallization  on  the  CCD  portion  of  the  chip.  (If  the  SAW 
crystal  were  allowed  to  touch  the  CCD  metallization,  the  gap  would  be  determined  by  the  metal 
rather  than  by  the  spacers  on  the  SAW'  crystal.)  The  transducers  are  connected  to  the  input 
matching  inductors  with  ultrasonieally  bonded  aluminum  wires.  Cigu re  IY-t>  shows  a SAW 
crystal  mounted  on  a base  and  ready  to  be  mated  with  the  silicon-Kapton  header  subassembly. 

The  silicon -header  subassembly  is  placed  in  an  assembly  jig,  and  dust  particles  on  the 
l.iNliO^  crystal  and  silicon  surface  are  completely  removed  by  a variety  of  mechanical  tech- 
niques (see  See.  V—  If  in  this  report).  The  EiNbO,  crystal  is  then  accurately  |x>sitioned  over  the 
silicon  with  the  aid  of  alignment  marks  and  pressed  against  the  silicon.  The  package  is  filled 
with  dry  nitrogen  and  sealed. 
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One  device  has  been  assembled  as  described,  and  the  CCD  and  SAW  devices  have  been  sep 
aratelv  evaluated.  Final  testing  of  the  complete  device  awaits  integration  of  the  separate  test 

si  tups.  p).  L.  Smytho  L.  L.  Grant 
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C.  CHARGE-COU PLED  DEVICES:  IMAGERS 

The  first  hybrid  arrays  of  100-  x 400-element  CCD  imaging  devices  have  been  fabricated 
for  the  GEODSS  (Ground  Electro-Optical  Deep  Space  Surveillance)  program.  These  arrays  con 
sist  of  two  imaging  chips  mounted  on  a common  substrate,  and  are  to  be  used  in  the  first  tests 
of  an  optical  moving  target  indicator  (Mi  l)  system  for  automatic  satellite  detection. 

In  previous  reports,*’  a proposed  hybrid  array  of  100-  x 400-element  CCD  imagers  was 
described  consisting  of  In  chips  arranged  in  three  columns.  These  chips  must  be  precisely 
located  on  the  substrate  to  the  extent  that  the  positional  error  of  any  chip  is  much  less  than  the 
individual  linear  cell  dimension  of  10  pm.  By  means  of  techniques  previously  described,  ar- 
rays of  dummy  chips  have  been  assembled  to  within  ±3 -pm  accuracy.  Recent  wafer  runs  of  the 


CCD  imagers  have  yielded  chips  of  sufficient  quality  to  begin  assembling  prototype  arrays  of 
two  chips  each.  Photographs  of  the  first  such  hybrid  are  shown  in  Figs.  IV-6  and  IV-7.  hi 
Fig.  IV-6  the  substrate  with  the  two  CCD  chips  is  shown  mounted  in  a 40-pin  custom  ceramic 
package.  Outside  dimensions  of  the  package  are  (>.t  x 6.1  cm.  Details  of  the  fabrication  of  the 
two-layer  thin -film  substrate  carrying  DC  and  clock  lines  are  found  in  a previous  report.  The 
three  small  chips  to  the  right  of  each  imager  consist  of  the  load  resistor  for  the  MOSFET 


Fig.  IV-6.  Photograph  of  i-c hip  CCD  hybrid 
imaging  array.  Substrate  is  mounted  in  a 
40-pin  ceramic  package  and  is  designed  to 
eventually  accommodate  16  imaging  chips. 


Fig.  IV-7.  Photograph  of  100-  x 400-elenient 
CCD  chips  of  Fig.  IV-6.  These  chips  are  po- 
sitioned to  an  accuracy  of  4 pm  with  respect 
to  each  other.  Clock  and  DC  lines  can  be 
seen  in  two-level  substrate.  To  right  of  each 
CCD  is  an  emitter-follower  circuit. 
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detector  on  the  imager  chip,  and  a bipolar  transistor  and  load  resistor  in  an  emitter-follower 
configuration  to  drive  the  cable  capacitance  leading  out  of  the  Dewar  in  which  the  device  will  be 
mounted.  Two  of  these  arrays  have  been  assembled;  the  placement  accuracy  of  the  chip  pairs 
with  respect  to  each  other  was  within  4 and  10  pm.  The  CCD  chips  are  located  slightly  farther 
apart  than  the  distance  intended  in  the  initial  substrate  design,  the  reason  being  that  the  separa- 
tion between  chips  determines  the  memory  size  needed  to  store  the  video  data  from  the  first 
chip  before  comparison  with  the  data  from  the  second  chip.  The  same  100-  x 400-element  de- 
vices are  now  being  considered  for  use  as  the  memory  devices.  Optimum  use  of  this  chip  for 
data  storage  occurs  when  the  imager  chips  are  spaced  such  that  the  separation  of  correspond- 
ing cells  on  the  two  devices  is  an  integral  multiple  of  the  V -dimension  length  of  the  imaging 
area,  or  0.120  in. 

Measurements  on  recent  devices  had  shown  a marked  improvement  in  transfer  efficiency 
and  output  register  dark  current,  while  the  imaging  portion  of  the  device  still  seemed  to  have 
dark  currents  in  excess  of  100  nA/cm  (see  p.  41  in  Kef.  t).  It  has  been  discovered  that  the  high 
dark  currents  an-  largely  the  result  of  a deep  n+  diffusion  kept  on  the  back  of  the  wafer  through- 
out the  process  to  provide  gettering  and  inadvertently  not  removed  at  the  end  of  the  process. 
Electrons  from  this  n+  layer  can  pass  through  the  neutral  p-type  bulk  of  the  device  and  be  col- 
lected in  the  CCI)  channels  at  the  top  of  the  chip.  This  electron  flow  through  the  neutral  bulk 
is  governed  by  diffusion  and  can  be  calculated  to  be  much  less  than  t nA/cm“  of  current.  How  - 
ever, when  the  large-area  imaging  array  gates  pulse  to  their  high  state,  they  capacitively  drive 
the  p-substrate  into  temporary  forward  bias  with  respect  to  the  n "*  back-side  skin.  This  causes 
a surge  of  electrons  to  flow  into  the  p-bulk  and  enhances  the  net  flow  of  electrons  into  the  CCD 
wells.  The  effect  could  bo  eliminated  bv  reverse-biasing  the  n ' layer  with  respect  to  the 
p-substrate,  but  the  most  convenient  method  for  devices  already  packaged  was  to  reduce  the 
rising  slew  rate  of  the  imaging  array  clocks  to  less  than  to  V/psec.  Future  devices,  of  course, 
will  have  the  n skin  removed  before  packaging.  With  the  reduced  rise-time  clocks,  devices 
previously  found  to  have  high  dark  currents  have  been  measured  to  have  dark  currents  as  low 
as  6 nA/cm1"  over  the  entire  array  witli  the  exception  of  a few  columns  of  dark  current  "spikes." 

B.  E.  Burke  W.  H.  McC.onaglc 
T.  F.  Clough  D.  J.  Silversmith 
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D.  CHARGE-COUPLED  DEVICES:  PROGRAMMABLE  TRANSVERSAL  FILTER 

A prototype  device  consisting  of  two  t-bit,  32-tap  CCD  programmable  transversal  filter 
(lTKI  sections  which  are  capable  of  performing  binary  analog-sampled-data  correlation  has 
been  tested.  The  device  has  performed  matched  filtering  of  a 31 -bit.  maximal  (Ml  sequence 
at  a 10-MHz  data  rate. 

A photomicrograph  of  the  device  is  shown  in  Fig.  IV-8.  The  chip  size  is  O.lOe  \ 0.1  18  in. 
This  device  has  an  on-chip  serial-in/ parallel-out,  n-MOS  static  shift  register  for  storage  of  a 
binary  reference  code.  Multiplication  of  the  analog  input  and  binary  reference  is  achieved  us- 
ing the  logic  states  of  the  shift  register  to  control  the  input-diode  levels  of  the  CCD.  1’his  in- 

U 

put  diode  controls  the  signal-charge  flow  into  the  CCD  channels.  If  the  shift  register  is  at  a 
logic -low  state,  signal  charge  can  flow  into  the  CCD  channels,  which  corresponds  to  multiply- 
ing the  analog  signal  by  a "one."  If  the  shift  register  is  at  a logic -high  state,  no  charge  can 
flow  into  the  CCD  channels,  and  multiplication  by  "zero"  is  performed.  As  can  Ik-  seen  in 
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Fig.  IY-8.  Photograph  of  PTF  chip  containing  two,  1 -bit  filter  sections. 

Section  on  left  incorporates  shift  register  with  static  latch,  while  section 
on  right  uses  output -enable  switch  to  control  input  to  CCI)  delay  line. 

Fig.  IV -8.  on  the  right-hand  filter  section  an  output-enable  switch  (see  p.  8t>  in  Ref.  1)  is  used  as 
a buffer  between  the  shift  register  and  the  CC'l).  On  the  left-hand  section  a latch  circuit  is  in- 
cluded as  a buffer  store.  Dynamic  test  results  indicate  that  both  versions  of  reference  storage 
perform  satisfactorily.  However,  for  the  right-hand  filter  the  device  is  effectively  not  functional 
while  a new  reference  code  is  being  clocked  into  the  shift  register.  When  there  is  a reference 
latch,  as  in  the  left-hand  filter,  the  device  is  capable  of  loading  a new  code  while  the  correlation 
is  being  performed  with  a previously  loaded  code.  Only  I psec  is  required  to  parallel-transfer 
the  reference  from  the  shift  register  to  the  latch  w ith  an  equivalent  device  "dead"  time.  The 
transfer  time  can  be  further  reduced  by  reducing  the  depletion-layer  capacitance  of  the  CCD 
input  diode.  These  results  indicate  that  a l't'1)  transversal  filter  with  a shift  register  and  latch 
store  will  be  more  practical  for  system  applications  where  frequent  reference  code  changes  are 
required.  Consequently,  this  version  reference  store  is  intended  for  use  in  the  final  6-bit 
filters  (see  p.  S6  in  Ref.  3). 

To  demonstrate  programmable  matched  filtering  of  a 31 -bit.  M-sequence.  pseudonoise  (PN1 
code,  both  filter  sections  were  used.  The  11 -bit  l’N  sequence  was  fed  to  one  reference  shift 
register,  and  its  complement  code  to  the  other.  These  codes  are  serially  loaded  and  perma- 
nently stored  in  the  latch  circuit  of  the  left-hand  filter  and  in  the  shift  register  of  the  right-hand 
filter.  The  outputs  of  the  two  sections  are  subtracted  externally  to  establish  the  differential 
(M,  1)  weighting.  The  impulse  response  of  the  filter  is  shown  in  Fig.  IV-9(a).  The  time- 

reversed  sequence  of  the  same  code  was  then  continuously  fed  to  the  C'C'D  input-signal  gates  of 
both  tin’  left  and  right  sections.  The  CCD  devices  are  operated  in  such  a way  that  a "zero" 
signal  corresponds  to  a charge  midway  between  the  maximum  charge.  Q,lrlx-  and  the  empty 
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Fig.  !\  . Example  of  programmable 

matched  filtering  using  both  sections 
of  device  in  Fig.  1Y-8  at  10-Mllz  sam- 
pling rate;  (at  shows  impulse  response 
of  device.  In  (hi.  analog  input  to  de- 
vil e oo  r responds  to  time -re  versed  ref- 
erenee  voile,  which  is  equivalent  to 
time-reversed  impulse  res|K>nso.  and 
resulting  output  gives  autoco  rrelat  ion 
for  ttiis  code. 
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well.  The  analog  signal  charge  in  the  k"'  delay  line, 
and  is  given  by 


can  be  either  positive  or  negative 
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where  ( is  tile  total  charge  m the  k delay  line. 


1'ho  autocorrelation  function  of  this  M sc 
qucnce  is  shown  in  Fig.l\  -'Mbl.  lhc  peak-to-sidelobo  ratio  ot  this  wavelorm  is  tt  1 as  ex- 
pected. The  device  has  performed  satisfactorily  up  to  10  Mil.-.  Experiments  are  presently 
uiuler  w is  to  test  the  device  at  an  even  higher  data  rate. 

Some  nonuniformity  m the  impulse  response  van  be  seen  in  Fig.  1 \ -'Hal.  Hus  "fixed  pntte 
noise"  has  been  observed  in  all  the  devices  that  have  thus  far  been  fabricated  (sec  p.  s<.  in  Kef 
\ new  fabrication  run  using  epitaxial  material  is  under  way  to  determine  if  the  threshold  uni- 
formity can  be  improved.  _ t'hiang 
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E.  CHARGE -COUPLED  DEVICES:  PROCESSING 


Previous  reports  (Ref.  9;  p.  97  in  Ref.  t>;  atui  p.  4(>  in  Ref.  1)  have  discussed  methods  and 
techniques  for  fabricating  CCD  devices.  A series  of  developments  in  the  GEODSS  imager,10 
the  PTF  (see  p.  47  in  Kef.  6,  p.  29  in  Ref.  8,  and  p.  56  in  Ref.  3 >,  and  the  SAW  CC1)  buffer  memory 
(see  p.  17  in  Ref.  II  programs  make  it  timely  to  review  our  silicon- wafer-processing  sequence. 
This  sequence  enables  fabrication  of  buricd-channel  CC1)  devices  with  transfer  efficiencies  of 
9*). 998  percent  per  stage,  dark  currents  of  less  than  e nA  rm’,  and  generation  lifetimes  in 
excess  of  200  fisec.  Furthermore,  our  processing  allows  us  to  integrate  low -threshold  volt- 
age n-MOS  FETs  (n-channel  metal-oxide-silicon  field-effect  transistors)  required  for  periph- 
eral circuitry  such  as  shift  registers  and  latches  (see  p.  4 5 in  Ref.  1)  on  the  CCD  chips  without 
any  performance  compromises. 

The  overall  process  resembles  the  LOCOS  (local  oxidation  of  silicon)  procedure  for  MOS 
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devices  in  which  the  field  oxide  growth  is  prevented  from  forming  in  the  active  gate  regions 

bv  a Si  ^ N'^  oxidation  mask.  This  same  nitride  layer  can  also  serve  as  a diffusion  mask  for  the 
formation  of  the  channel  stop  in  a self-aligned  fashion.  In  our  process,  this  nitride  layer  is  also 
retained  on  the  device  to  be  used  subsequently  as  the  gate  dielectric.  The  process  is  utilized 
currently  for  the  FTP  device,  and  will  shortly  be  used  in  all  CCD  device  programs.  The  sim- 
plest application  of  the  procedure  will  be  for  the  CCD/SAW  buffer  memory  device.  Slightly 
more  complex  processing  is  required  for  the  PTF.  as  the  peripheral  circuitry  requires  shallow- 
arsenic  sources  and  drains  for  high-speed  FETs  and  high  reach-through  voltage  performance. 
The  GEODSS  imager,  although  requiring  no  arsenic  implant,  lias  three  metallization  levels 
(two  polysilicon  and  one  aluminum  interconnect),  a heavy  channel-stop  implantation,  and  an 
aMitional  blooming-control  implantation. 
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Fig.  IV- 10.  Cross-sectional  view  showing  two-phase  CCD  structure  with  10-pm 
polvsilicon  storage  gates  on  first  level,  and  6-pm  aluminum  transfer  gates  on 
second  level. 

The  CCD  topology  for  a buried-channel.  two-phase  structure  is  shown  in  cross  section  in 
Fig.  IV-10.  This  configuration  has  four  gates  per  CCD  element  - two  storage  gates  on  the  first 
metal  level  and  two  transfer  gates  on  the  overlapping  second  level  of  metallization.  In  the 
direction  of  carrier  motion  (from  left  to  right  in  Fig.  IV-10),  each  transfer  gate  is  connected 
to  the  subsequent  storage  gate.  Within  a CCD  element,  each  transfer-gate/storage-gate  pair 
is  connected  to  the  alternate  driver  clock  phase.  In  order  to  assure  unidirectional  carrier 
motion,  the  channel  potential  of  the  transfer  gate  is  higher  than  this  same  value  for  the  storage 
gate.  The  channel  voltage  shift  under  the  second-level  transfer  gate  is  accomplished  by  an  ion 
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implantation  (before  deposition  of  the  second-level  metallization)  using  the  first-level  gates  as 
an  implant  mask. 

The  important  features  of  the  CC1)  processing  sequence  can  be  illustrated  by  discussing 
the  fabrication  sequence  for  the  FT  I-'  device.  The  starting  material  are  Czochralski -grown, 
boron-doped  <100>  Si  wafers  which  are  St  mnt  diam  by  380  pm  thick  with  a resistivity  of  10  to 
is  ohm-em.  The  processing  sequence  begins  with  the  " 1*000"  (pre-oxidation  gettering  of  the 
other  side)  process  (see  p.46  in  Ref.  t,  and  Refs.  14  and  IS)  which  consists  of  a heavy  phosphor- 
ous diffusion  into  the  back  side  of  the  wafer  | Fig.  IV  — 1 1 (a ) | . As  shown  in  l'ig.  IV - 1 1(b),  an  over- 
coat of  chemical-vapor-deposited  SiO,  is  applied  which  remains  on  the  wafer  throughout  sub- 
sequent processing,  serving  to  prevent  outdiffusion  of  phosphorus  and  preventing  impurity  doping 
from  the  ambient.  This  oxide  layer,  along  with  the  n+  POGO  layer,  can  be  removed  after  the 
device  processing  is  finished. 

Front-side  processing  commences  with  a thorough  scrubbing  and  a cleaning  step.  A thin 
SiO,  film  is  grown  in  a dry  O^/IICI  ambient  at  1 000 "C,  followed  by  the  CVD  deposition  of  Si ^ , 
forming  a doubie-level  gate  dielectric  layer.  Photoresist  is  spun  on  [Fig.  IV  — 1 1(c))  and  the 
active  channel  region  is  defined.  The  nitride  and  thermal  oxide  layers  are  removed  outside 
the  channel  region  by  means  of  plasma  etching  and  aqueous  etching  in  buffered  111'.  The  boron 
channel-stop  implantation  is  now  performed  utilizing  the  retained  photoresist  as  a self-aligned 
implant  mask,  and  will  result  in  24  - V field  threshold  and  breakdown  voltages  (seep.  47  in 
Ref.  6).  After  the  implantation,  the  photoresist  is  stripped  in  an  O,  plasma.  The  field  oxide 
is  grown  using  a burnt  hydrogen  furnace  at  1 0 0 0 ° C , during  which  time  the  implant  is  activated 
[ Fig.  IV -i  1 (d)J.  The  Si.N,  layer  serves  as  an  effective  oxidation  mask  in  conformity  with  LOGOS 
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processing.  ’ In  our  variation  of  this  processing  sequence,  however,  the  initial  thin  thermal 
oxide  and  CVD  Si^N^  films  are  retained  to  serve  as  the  gate  dielectric. 

In  order  to  improve  performance  above  1 MHz  and  to  minimize  transfer  inefficiency  due  to 
surface  states,  the  CCD  devices  are  designed  to  operate  in  the  buried-channel  mode.  This 
buried  channel  is  fabricated  by  ion  implantation  of  phosphorus  right  through  the  gate  dielectric 
utilizing  negative  photoresist  as  an  implant  mask  l Fig.  1V-1 1(e)). 

The  need  for  compatible,  compact  n-MOS  logic  on  the  CCD  device  places  stringent  require- 
ments on  the  nature  of  the  source  and  drain  doping.  Using  photolithographic  and  plasma-etch 
methods,  the  diode  window  is  etched  through  the  Si,  N . , and  arsenic  is  implanted  through  the 
gate  oxide,  as  shown  in  Fig.  IV-t  1(f).  To  heal  any  possible  pinholes  at  this  stage  in  the  process, 
a steam  oxidation  at  900 “C  is  performed. 

Using  an  RF-heated  cold-wall  system,  a film  of  silicon  is  now  deposited  on  the  wafer  and 
will  eventually  form  the  first-level,  storage-gate  metallization.  This  film  is  doped  with 
phosphorus  to  a sheet  resistance  of  50  Sl/0  measured  after  device  completion  [Fig.  IV -1 1(g)]. 
Typically,  photolithographic  formation  of  the  silicon  gates  takes  place  after  doping  of  the  polv- 

crystalline  silicon  film. 

The  source  and  drain  contacts  are  opened  next  as  a matter  of  convenience,  and  the  potential 
barrier  which  is  to  be  under  the  second-level  aluminum  transfer  gate  is  implanted.  This  bar- 
rier is  implanted  through  the  SiO^/Si^N^  [Fig.  1V-1 1(h)).  The  implant  is  designed  to  provide  a 
channel  potential  shift  of  2.3  V.  To  form  a dielectric  on  top  of  the  first  metallization  level,  the 
polvsilicon  is  oxidized  and  subsequently  annealed.  After  this  step,  all  contact  windows  are 
opened  using  a double-masking  procedure  to  minimize  pinhole  problems. 

Aluminum  is  deposited  using  an  RF  induction  heated  I3N  crucible  which  results  in  alkali -free 
films  with  no  radiation  damage1*1  to  the  gate  oxide.  The  aluminum  is  etched  photolithographicalty 
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using  a II  ^ 1^0 . -UNO . mixture,  and  is  sintered  in  N_,  I l'ig.  IV-1  l(i)J.  A CVDSiO,  layer  is  de- 
posited  as  a passivation  layer,  and  the  bonding  pads  are  opened  by  a final  photolithographic  step. 

In  summary,  a nine-mask-step,  two-phase,  buried-ehannel  IT'D  process  has  been  developed 
using  a variation  of  the  l.OC'OS  procedure.  In  this  process,  the  composite  gate  dielectric  of 
thin  thermal  SiO , and  CYI)  si<N  , is  fabricated  as  a first  step,  with  the  field  oxide  grown  sub- 
sequently. KXJO  guttering  prepares  the  initial  wafers  before  front-side  processing,  ami  this 
back-side  guttering  layer  is  retained  until  process  completion.  Ion  implantation  is  utilized  ex- 
tensively, with  two  implants  passing  through  the  active  gate  dielectric  without  deleterious  ef- 
fects. The  process  is  n-MOS  compatible  giving  high  punch-through  and  low  back-gatc-bias 
voltages.  Shallow  arsenic  implants  arc  used  for  source  anil  drain  diffusions.  Aluminum  de- 
salted from  an  induction  heated  source  serves  as  a second  metallization. 

U.  J.  Silversmith  B.  K.  Burke 
K.  W.  Mountain  A.  M.  Chiang 


K.  AbltiNMKNT  OK  LIQUID  CKYSTAl.S  USING  SUBMICUOMK1KH 

BKHIODK MTV  GKA TINGS 

Several  researchers  have  demonstrated  that  surfaces  which  have  been  made  anisotropic  by- 

rubbing  with  abrasives,*7  by  directed  oblique  evaporation  of  silicon  monoxide.  ' or  by  dipping 

in  surfactants*9  will  align  nematic  liquid  crystals.  We  believe  that  such  alignment  minimizes 

the  free  energy  associated  with  elastic  deformation  of  the  liquid  crystal.  In  particular,  it  the 

long  axes  of  the  liquid  crystal  molecules  are  constrained  to  lie  in,  or  at  a small  tilt  angle  to. 

the  plane  of  a smooth  surface,  then  one  expects  a grating  structure  on  that  same  surface  to  in- 

.10  .1 1 

duce  alignment  of  the  nematic  director  along  the  groove  direction.  Berreman  hail  earlier 

proposed  a detailed  model  which  lends  support  to  this  idea. 

Oblique  evaporation  and  rubbing  techniques  produce  surfaces  with  a topography  that  is 
largely  uncontrolled  and,  thus,  is  difficult  to  reproduce  or  quantify  exactly.  We  demonstrate 
here  that  liquid  crystals  can  be  aligned  on  gratings  whose  topography  is  directly  controlled. 

It  is  significant  that  the  spatial  period  of  the  gratings  used  was  UO  nm,  which  is  much  larger 
than  the  size  of  the  molecules  i®.!  nm)  being  aligned.  We  expect  the  forces  which  favor  align- 
ment to  increase  witli  gratings  of  higher  spatial  frequency. 

The  gratings  for  the  following  experiments  were  fabricated  in  SiO^  by  reactive  ion  etching 
in  CHI'  gas  using  a mask  of  100-A-thick  chromium.  The  chromium  grating  was  produced  by 
a liftoff  process  from  a grating  pattern  exposed  in  I’MMA  using  C'Uj  soil  x-ray  lithography. 
Holographic  lithography  was  used  as  the  pattern-generation  step  in  producing  the  x-ray  mask. 
The  etch  depth  of  our  SiO,  gratings  was  about  L S nm.  Heccnt  measurements  in  a transmission 
electron  microscope  on  gratings  fabricated  by  this  process  indicate  that  the  sidewalls  are  within 
(>’  of  the  vertical,  and  that  the  radius  of  curvature  at  the  top  and  bottom  corners  of  the  sidewalls 
is  less  than  s nm.  Gratings  were  fabricated  over  a i.a1)-  x i.«-cm  area  on  two  highly  polished 
fused  quartz  substrates.*  The  two  substrates  were  assembled  into  a sandwich  with  Ml-pm-thiek 
Teflon  spacers  holding  them  apart,  as  shown  in  Kig.  IV-ti.  The  gratings  were  on  the  inside  of 
the  sandwich  and  raced  each  other  with  their  groove  directions  parallel.  A high  degree  of  paral- 
lelism is  easily  obtained  by  first  roughly  aligning  the  gratings  so  that  a beam  of  light  incident 
on  them  is  simultaneously  diffracted  from  both  gratings  toward  an  observer;  then,  fine  adjust- 
ments in  the  alignment  can  be  made  while  observing  moit'6  interference  fringe  patterns  in  the 
overlapping  diffracted  beams. 


t Optosil  \mersil  Inc. 
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Fig.  tV-12.  A schematic  cross  section  and  top  view  are  shown  of  the 
"sandwich"  assembly  used  to  investigate  surface -relief  structure  orien- 
tation effects  in  nematic  and  smectic  A liquid  crystals. 

After  alignment  of  the  gratings,  the  sandwich  was  heated  above  the  nematic-isotropic  tran- 
sition temperature  of  MRBA  (N-(p-methoxybenzilidene)-p-butyluntlinel  and  the  liquid  crystal 
was  introduced  into  the  sandwich  by  capillary  action.  The  sandwich  was  allowed  to  cool  to  room 
temperature  where  MBBA  is  nematic,  and  was  observed  in  transmission  in  a microscope  be- 
tween crossed  polarizers.  The  incident  polarized  light  was  normal  to  the  thin  liquid -crystal 
layer,  and  the  entire  sandwich  could  he  rotated  in  the  plane  of  the  layer. 

An  aligned  liquid  crystal  behaves  as  an  optically  uniaxial  medium  with  its  optic  axis  in  the 
direction  of  the  nematic  director.  When  a linearly  polarized  beam  of  light  is  normally  incident 
on  a uniaxial  slab  of  arbitrary  thickness,  it  will  remain  linearly  polarized  after  passing  through 
the  medium  only  if  the  polarization  is  perpendicular  to  the  optic  axis  or  parallel  to  the  projection 
of  the  optic  axis  on  the  slab,  hi  the  area  between  the  two  gratings,  distinct  peaks  and  nulls  in 
the  light  transmission  were  observed  as  the  sandwich  was  rotated,  the  nulls  occurring  every 
90".  Furthermore,  the  entire  liquid-crystal  layer  in  the  grating  area  had  a uniform  brightness, 
with  nulls  in  the  light  transmission  occurring  simultaneously  across  the  entire  field  of  view. 

Our  interpretation  is  that  the  nematic  director  is  not  perpendicular  to  the  substrates  and  that 
it  is  uniformly  oriented  in  the  grating  area.  The  liquid-crystal  layer  had  a distinctly  different 
appearance  in  the  region  outside  the  grating  area  where  it  was  confined  between  two  smooth 
surfaces.  It  did  not  appear  uniform,  and  many  small  domains  were  visible,  indicating  that  the 
direction  of  the  nematic  director  varies  randomly  in  this  region.  The  light  transmission  in  the 
grating  area  went  through  a null  when  the  incident  polarization  was  along  the  groove  direction, 
to  within  the  experimental  error  of  our  apparatus  (0.9').  This  indicates  that  the  projection  of 
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the  nematic  director  was  aligned  along  the  groove  direction  or  perpendicular  to  it.  In  order  to 
distinguish  these  two  possibilities,  we  doped  the  MHliA  witli  the  dye  1X)1X'1  (3,  3'  diethvloxadi  - 
carbocvanine  iodide)  which  aligns  witli  the  nematic  director  and  absorbs  most  strongly  light 
that  is  polarized  in  the  direction  of  alignment.  In  this  wav,  we  established  that  the  nematic- 
director  projection  was  along  the  groove  direction. 

The  angle  between  the  nematic  director  and  the  plane  of  the  substrate  was  estimated  by 
measuring  the  difference  between  the  refractive  index  for  the-  ordinary  wave  and  the  extraor- 
dinary wave  with  light  normally  incident  on  the  substrate.  The  extraordinary  index  varies 
with  the  angle  between  the  incident  ray  and  the  optic  axis.  To  make  the  measurement,  one  of 
the  Teflon  spacers  was  removed,  thereby  introducing  a known  tilt  between  the  two  quartz  sub- 
strates. When  viewed  at  normal  incidence  in  monochromatic  light  (589  nm)  between  crossed 
polarizers,  distinct  dark  and  light  bands  were  visible  due  to  the  linear  variation  in  thickness  of 
the  birefringent  medium.  The  dark  bands  occur  when  the  relative  phase  shift  between  ordinary 
and  extraordinary  waves  is  an  integral  number  of  cycles.  Knowing  the  tilt  between  the  two  sub- 
strates, the  difference  in  index  of  refraction  can  be  calculated  from  the  spacing  of  the  bands. 

We  measured  an  index  difference  of  0.18  * 10  percent.  This  corresponds  to  a nominal  tilt  of 
23°  between  the  nematic  director  and  the  substrate  plane;  this  was  the  same  inside  and  outside 
the  grating  area.  For  the  tilt  calculation,  we  used  the  value  of  0.225  (±0.006)  for  the  birefrin- 
gence of  MBBA  at  2 5°C,  which  is  correct  if  the  nematic -isotropic  transition  temperature  is  in 
the  range  of  41  ° to  45°C  (see  Ref.  23).  The  transition  temperature  is  sensitive  to  the  purity  of 
the  liquid  crystal  and  typically  drops  slowly  when  MBBA  is  first  exposed  to  air,  with  a cor- 
responding decrease  in  the  birefringence.  Though  we  did  not  measure  it,  the  transition  tem- 
perature is  usually  in  the  range  of  41  ° to  45  “C,  Furthermore,  conoscopic  examination  of  our 
sample  confirmed  that  the  nematic  director  was  tilted  at  least  20°  from  the  substrate  plane. 

Surface  contamination  can  make  the  nematic  director  approach  the  substrate  normal,  and 
thus  degrade  the  orienting  influence  of  the  grating.  Freshly  made  substrates  and  those  cleaned 
in  UV -generated  ozone24  or  concentrated  ll2S04  exhibited  good  alignment,  low  tilt  angle,  and 
consistent  results.  Both  highly  polished  fused  quartz  and  SiC>2  prepared  by  thermal  oxidation 
of  silicon  wafers  showed  similar  results. 

We  also  aligned  the  liquid  crystal  M24  (BDII  Chemicals  Ltd.,  4 -cyano-4 1 -octoxybiphenyl), 
which  has  a smectic  A as  well  as  a nematic  phase.  We  found  that  M24  in  the  nematic  phase 
aligned  uniformly  along  the  groove  direction  in  the  grating  area,  but  it  exiiibited  a slowly  vary  - 
ing  nematic  director  outside  the  grating  area  where  it  was  not  constrained.  The  effect  of  the 
grating  was  striking  when  the  liquid  crystal  was  cooled  to  the  smectic  phase.  The  liquid  crystal 
in  the  grating  area  appeared  as  a uniform  uniaxial  slab  with  the  projection  of  its  optic  axis  par- 
allel to  the  groove  direction;  outside  the  grating  area,  a multitude  of  striations  and  fan-shaped 
defects  appeared.  No  striations  were  visible  in  the  area  confined  between  two  gratings. 

Based  on  the  above  results,  we  have  constructed  a novel  type  of  twisted  nematic  display- 
using  grating  technology.  Gratings  of  1 00 -nm -thick  gold  lines  and  320-nm  period  were  fabri- 
cated on  a 225-gm -thick  Corning  0211  glass  substrate  using  holographic  lithography  and  ion- 
beam  etching.  The  gold  grating  lines  were  interconnected  by  a continuous  gold  film  which 
surrounded  the  grating  area.  Two  of  these  0211  glass  pieces  were  assembled  into  a sandwich 
using  Teflon  spacers  to  maintain  a gap  between  them.  The  gratings,  which  were  inside  the 
sandwich,  were  oriented  with  their  groove  directions  perpendicular  to  each  other.  Electrical 
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contact  was  made*  to  each  gold  surface.  All  the  elements  of  a twisted  nematic  display  arc  pres- 
ent  in  this  structure:  (1)  the  gratings  provide  two  liquid-crystal-aligning  surfaces  at  right  an- 
gles to  one  another.  (2)  the  gratings  polarize  light  and  act  as  crossed  polarizers,  and  (1)  the 
gratings  are  highly  conductive  at  DC  and  form  effective  conducting  parallel  plates  to  align  the 
liquid  crystals  by  means  of  an  electric  field.  The  contrast  ratio  of  the  polarizer  limits  the 
performance  of  the  display.  Contrast  ratios  of  10:1  have  been  obtained  using  lle-Ne  laser  light 
(632.0  nm|,  Improvements  should  be  obtained  with  gratings  of  finer  spatial  period. 

In  conclusion,  we  have  demonstrated  that  square-wave-grating  surface-relief  structures 
can  be  used  to  align  nematic  and  smectic  liquid  crystals.  Since  these  structures  are  well  con- 
trolled and  characterized,  they  permit  quantitative  models  for  alignment  of  liquid  crystals  by 
surfaces  to  be  tested.  Finally,  surface  structures  may  find  wide  application  in  other  systems 
where  anisotropic  surface  interactions  are  present. 


D.  C.  Flanders 
D.  C.  Shaver 
II.  1.  Smith 
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V.  SURFACE-WAVE  TECHNOLOGY 


A.  FILTER  WITH  BANDWIDTH  CONTINUOUSLY  VARIABLE  FROM  3 TO  100  MHz 

The  variable-bandwidth  filter*’^  is  being  developed  for  use  with  a digital  signal  processor. 
The  function  of  the  filter  is  to  prevent  aliasing,  i.e.,  to  appropriately  limit  the  bandwidth  of  an 
analog  signal  before  it  is  sampled  at  the  input  of  a digital  system  which  has  a variable  sampling 
rate.  The  filtering  is  to  be  done  around  a center  frequency  of  600  MHz,  with  the  bandwidth 
variable  from  3 to  100  MHz. 

The  principle  of  operation  of  the  filter  is  shown  in  Fig.  V-l.  The  filter  consists  of  two 
similar  stages,  each  with  a RAC  (reflective-array-compressorl  device  between  two  mixers. 

By  varying  the  two  LOs,  the  overlap  of  the  two  RAC  passbands  effectively  seen  by  the  input 
can  be  varied. 


Fig.  V-l.  Schematic  of  variable-bandwidth-filter  circuit.  When 
two  LO  frequencies  are  equal,  full  100 -MHz  bandwidth  is  trans- 
mitted from  input  to  output.  If  one  LO  is  shifted  upward  and  one 
downward,  RAC  passbands  are  offset  with  respect  to  each  other 
and  passband  is  reduced  as  shown  by  curves  at  top. 

For  a variable -bandwidth  filter  to  be  useful,  the  filter  bandwidth  must  vary  over  a wide 
range  or,  equivalently,  the  ratio  of  maximum  to  minimum  bandwidth  must  be  large.  Because 
the  minimum  bandwidth  in  the  filter  circuit  shown  in  Fig.  V-l  is  predominately  determined  by 
the  steepness  of  skirts  of  the  individual  filters,  the  performance  of  the  system  is  directly 
determined  by  the  squareness  or  shape  factor  of  the  filters.  Calculations,  as  well  as  past  ex- 
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perience,  indicate  that  the  RAC  devices  have  the  required  shape  factor  and  are  of  reasonable 
size.  In  addition,  RAC  devices  can  be  trimmed  for  precise  phase  response. 

The  RAC  center  frequency  and  the  two  LO  frequencies  were  chosen  to  minimize  spurious 
signals.  The  best  choice  was  f = 420  MHz,  and  the  ranges  of  frequency  variation  of  the  two 
LOs  were  1020  to  970  and  1020  to  1070  MHz.  In  this  scheme,  one  RAC  must  be  an  up-chirp 
and  one  a down-chirp  so  that  the  overall  filter  can  be  nondispersive.  The  filter  could  also  be 
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Fig.  V-2.  Passband  of  variable-bandwidth  filter  at  bandwidths 
of  100,  60,  20,  and  3 MHz.  For  all  bandwidths,  insertion  loss 
is  constant  to  within  ±1.5  dH.  Vertical  scale  for  all  traces  is 
same,  2 dB/div.  Horizontal  scale  is  20  MHz/div. 
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operated  with  two  down-chirp  RACs,  but  then  one  of  the  LOs  would  have  to  be  below  600  MHz, 
e.g.,  variable  from  130  to  180  MHz.  This  leads  to  unacceptably  high  spurious  levels  because 
low-order  harmonics  of  the  LO  produce  strong  unwanted  in-band  signals  in  the  mixers. 

The  RACs  for  the  circuit  (Fig.  V-ll  were  built  with  minimum  insertion  loss  (approximately 
30  dH),  and  the  dynamic  range  of  the  circuit  was  optimized  using  off-the-shelf  components.  The 
individual  RAC  devices  were  phase-compensated  to  minimize  deviations  from  the  desired  qua- 
dratic phase  response. 

The  performance  of  the  variable-bandwidth  filter  is  summarized  in  Table  V-l.  The  pass- 
band  for  several  bandwidths  is  shown  in  Fig.  V-2,  while  the  phase  response  is  shown  in  Fig.  V-3 
for  three  bandwidths. 
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Fig.  V-3.  Phase  deviation  from  linear  of  variable-bandwidth  filter 
as  a function  of  frequency.  Both  RACs  were  phase-compensated. 


The  delay  through  the  variable-bandwidth  filter  is  a function  of  the  bandwidth  selected,  but 
at  each  bandwidth  the  delay  is  independent  of  frequency,  except  for  the  small  residual  variation 
shown  by  the  phase  measurements  (Fig.  V-3).  With  improved  RAC  devices  currently  being 
built,  it  appears  likely  that  the  passband  ripple  can  be  reduced  to  ±1  dB  and  the  phase  deviation 
from  ideal  held  to  less  than  2°  rms.  The  other  characteristics  (Table  V-l)  meet  or  exceed  the 
desired  specifications.  j.  Melngailis 


51 


B«Cu  SPRING 


COVER 


SPRING  INSERT 


B«Cu 

DIAPHRAGM 


OUTPUT 

STRIPLINE 


COM  'NtO 


KAPTON' 

LiNbO; 


GROUND  PLANES 
TRANSPARENT 
GROUND  PLANE 


PLATED 

THROUGH 

HOLES 


Cross-sectional  view  of  gap-coupled  acoustoelectric 
Beryllium-copper  springs  act  against  layer  of  RTY 
liform  pressure  to  back  side  of  silicon. 


principal  acoustoelectric  device  subassemblies 
. silicon-Kapton  sheet,  and  connector  plate. 


It.  ASS  KM  HI. V OF  GAP-COl  Pl.KD  ACOUSTOKLKCTKIC  DEVICES 


4-7 

The  gap-coupled  acoustoelectric  devices  being  developed  at  Lincoln  Laboratory  consist 

of  a lithium  niobate  (LiNbOj)  delay  line  and  a silicon  strip  separated  by  an  intervening  air  gap. 

These  devices  require  air-gap  heights  of  0.2  to  0.6  pm,  which  must  be  uniform  to  ±0.01  pm  over 
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lengths  up  to  7 cm.  The  silicon  is  supported  by  an  array  of  long  narrow  rails  ’ (or  a pseudo- 
random pattern  of  posts)  which  are  fabricated  by  ion-beam  etching  the  surface  of  the  LiNbO^ 
delay  line.  The  silicon  is  held  against  the  rail  supports  by  an  HTV  pillow  and  a series  of 
springs.10  as  shown  in  Fig.  V-4.  This  configuration  maintains  a stable  air  gap  over  a wide 
temperature  range  (-25  to  <75°C). 

A specialized  gap-assembly  procedure  was  developed  for  the  gap-coupled  acoustoelectric 
devices.  The  four  major  requirements  on  the  gap-assembly  procedure  are:  (1)  all  particulate 
contamination  having  diameters  greater  than  several  tenths  of  a micrometer  must  be  removed 
from  the  silicon  and  acoustic  delay  line;  (2)  the  narrow  (0.7-  to  1.7-mm-wide)  silicon  strips 
have  to  be  mounted  to  facilitate  handling  and  electrical  connection,  without  sacrificing  mechan- 
ical flexibility;  (3)  the  silicon  must  be  aligned  to  tolerances  of  ±25  pm  over  an  acoustic  beam 
path  having  widths  of  0.7  to  1.7  mm;  and  (4)  it  must  be  possible  to  test  the  major  subassemblies 
before  final  gap  assembly.  In  addition,  one  device10  required  the  placement  and  precise  align- 
ment of  two  3.5-cm  silicon  strips  end-to-end. 

The  first  step  of  the  assembly  procedure  is  a thorough  cleaning  of  the  LiNbO^  delay  line  to 
remove  all  particles  which  might  otherwise  interfere  with  obtaining  an  accurate  and  uniform  gap. 
Further  assembly  is  performed  under  clean  conditions  in  order  to  avoid  further  particulate 
contamination.  After  cleaning,  the  delay  line  is  mounted  in  its  base  (Fig.  V-5)  where  electrical 
connections  are  made  to  the  input  matching  circuitry.  The  delay  line  is  then  electrically  tested 
prior  to  final  gap  assembly. 

The  silicon  strip  for  an  acoustoelectric  device  is  prepared  by  metallizing  the  back  of  a 
silicon  wafer  and  then  saw  cutting  the  wafer  into  strips  of  the  desired  size.  Indium  is  evapo- 
rated onto  the  back  side  of  the  strips  in  preparation  for  indium  bonding  to  a flexible  Kapton  * 
sheet  which  contains  the  required  patterns  for  connecting  the  silicon  strip  to  external  circuitry. 
Indium  is  electroplated  onto  a metallized  area  of  the  Kapton  sheet  in  preparation  for  bonding 
the  silicon  strip  to  this  area.  When  the  silicon  strip  is  properly  aligned  over  this  area,  pres- 
sure is  applied  in  the  presence  of  HC1  flux  and  a cold  weld  is  formed. 

After  the  silicon  strip  is  bonded  to  the  Kapton,  it  is  accurately  aligned  with  and  fastened  to 
a connector  plate  which  contains  the  output  circuitry.  The  silicon  surface  is  then  carefully 
cleaned,  and  the  connector  plate  (see  Fig.  V-5)  is  mounted  in  the  assembly  jig  (Fig.  V-6).  Next, 
the  delay-line  subassembly  is  inverted  and  mounted  on  the  assembly  jig  over  the  connector 
plate  which  holds  the  silicon-Kapton  sheet.  A slot  in  the  back  side  of  the  delay-line  package 
allows  the  silicon  strip  to  be  viewed  as  it  is  maneuvered  into  precise  alignment  over  the  acoustic 
beam  path.  After  alignment,  the  connector  plate  is  fastened  to  the  delay-line  base. 

The  final  assembly  step  is  the  insertion  of  the  RTV  pillow,  spring  holder,  and  small  springs 
into  the  back  side  of  the  connector  plate  (see  Fig.  V-7).  A spring-pressure  plate  is  then  fastened 
to  the  connector  plate  to  provide  the  proper  spring  compression.  The  device  is  finally  sealed 
with  two  cover  plates  using  indium -wire  gaskets. 


t Registered  trademark:  E.  I.  duPont  Company. 
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Kig.  V-6.  Assembly  jig  with  connector  plate 


Kig.  V-7.  Partially  assembled  acoustoelectric  device.  Also 
shown  are  RTY  pillow,  beryllium-copper  diaphragm,  spring 
insert,  springs  and  pressure  plate  which  maintain  a stable 
air  gap  during  temperature  fluctuations. 
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This  assembly  procedure  achieves  the  desired  features  of  cleanliness,  accuracy,  ease  of 
assembly,  and  stability  of  the  device  structure  with  respect  to  stress  and  temperature  variations. 
These  features,  m turn,  help  provide  the  near-ideal  and  reproducible  electrical  performance 
desired  in  acoustoelectric  surface-wave  devices. 

S.  A.  Heible  H.  L.  Slattery 
II.  1.  Smith  1.  M.  Coates 

C.  OEVEI.OPMENT  OF  AN  ACOl  STOEl  KCTIUC  - MEMORY  -CO  Hit  El.ATOH 

Sl'HSY  STEM 

The  acoustoelectric  memory  correlator  is  a surface-wave  device  which  has  undergone 
continuing  development,  and  the  feasibility  of  using  such  a device  as  a programmable  matched 
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filter  has  been  demonstrated.  ' ‘ The  memory  correlator  i.  a gap-coupled  acoustoelectric 

device  with  a matrix  of  free-standing  Schottky -barrier  diodes  on  a silicon  strip  which  is  held 
in  close  proximity  ( — 0.3  pml  to  the  surface  of  a l.iNbO^  SAW  delay  line.  The  operation  of  a 
memory  correlator  involves  first  the  storage  of  a reference  signal,  and  subsequently  the  cross 
correlation  of  other  signals  with  the  stored  reference. 

The  phase  and  amplitude  of  a reference  surface  wave  launched  into  the  delay  line  of  a mem- 
ory correlator  are  recorded  as  a spatially  varying  charge  pattern  on  the  diode  matrix  by  applying 
a forward-bias  voltage  pulse  across  the  composite  Si-l.iNbO,  structure  for  a fraction  of  an  HI" 
cycle.  1 pon  removal  of  the  impulse,  the  charge  induced  on  the  diodes  serves  to  self- reverse- 
bias  the  diodes,  and  the  reference  signal  is  retained  as  a spatially  varying  depth  modulation  of 
the  depletion  layer  behind  the  diodes.  The  maximum  storage  time  is  determined  by  the  diode 
leakage  current. 

During  the  time  that  the  reference  pattern  is  stored,  a second  signal  may  be  launched  into 
the  delay  line,  where  the  piezoelectric  fields  of  the  second  signal  will  interact  with  the  spatially 
varying  stored  charge  pattern  of  the  reference  signal.  The  resulting  acoustoelectric  voltage 
induced  across  the  memory -correlator  structure  is  the  correlation  between  the  second  signal 
and  the  reference  wave.  The  device  then  functions  as  a programmable  matched  filter,  with  the 
response  determined  by  the  stored  reference  wave. 

The  details  of  the  basic  mechanical  assembly  and  the  diode  characteristics  have  been  de- 
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scribed  previously.  ' In  this  report,  we  shall  discuss  some  of  the  improvements  that  have 
been  made  to  increase  the  level  of  performance  and  the  development  of  a subsystem  which  in- 
corporates the  improved  devices. 

t.  Mechanical  Structure 

Proper  operation  of  the  memory  correlator  requires  that  a stable,  uniform  gap  be  main- 
tained between  the  silicon  and  the  l .iNbO^  delay  line.  For  the  devices  under  development, 
this  requires  a spacing  of  0..5S  pm  with  a uniformity  of  ±0.01  pm  over  an  interaction  region  of 
t.Q  x 0.17  cm.  Previous  devices  have  used  a pseudorandom  array  of  2-pm-diam  posts  which 
are  generated  as  a relief  pattern  by  ion-beam-etching  the  I.iNbO^.  Studies  of  acoustoelectric 
devices  have  shown  that  the  use  of  the  posts  results  in  some  additional  loss  in  the  device  due 
to  the  scattering  of  the  propagating  acoustic  waves  by  the  posts.  An  analysis  of  this  problem 
has  led  to  the  use  of  long  thin  l~3.c'  pml  ion-beam-etched  rails  as  the  support  structure  for  the 

silicon  strip.  A detailed  analysis  of  the  transverse  modes  in  rail  structures  has  been  performed 
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and  experimental  studies  have  been  made.  Indications  are  that  the  deleterious  effects 
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caused  by  the  existence  of  transverse  modes  can  be  minimized  by  employing  a structure  con- 
sisting of  a rail  at  each  edge  of  the  acoustic  beam  and  one  in  the  center.  This  geometry 
provides  the  optimum  combination  of  minimal  perturbation  of  the  propagating  waves  consistent 
with  the  desired  mechanical  rigidity.  This  structure  is  currently  being  used  for  the  memory- 
correlator  prototypes. 

Another  change  was  to  increase  the  length  of  the  LiNbOj  delay  line  in  an  attempt  to  reduce 
the  direct  electromagnetic  feedthrough  from  the  acoustic  input  port  to  the  correlator  output 
port.  This  yielded  some  improvement,  and  it  was  possible  to  obtain  ''95-dB  isolation  between 
the  RF  signal  applied  to  the  acoustic  port  and  the  electromagnetic  (E-M)  leakage  appearing  at 
the  correlator  output.  This  isolation  did  not  prove  to  be  sufficient,  and  additional  alterations, 
which  are  described  in  the  following  section,  improved  this  figure  by  an  additional  20  dB. 

2.  LiNbO-j  Delay  Line 

The  first  prototype  memory  correlators  were  assembled  with  delay  lines  having  a bandwidth 
of  25  MHz  centered  about  100  MHz.*4  To  meet  the  requirements  of  an  existing  system,  new 
devices  were  developed  with  a bandwidth  of  60  MHz  centered  at  150  MHz.  In  addition  to  an  im- 
proved transducer  design,  the  delay  lines  also  incorporated  multi-strip  couplers  to  separate 
the  desired  surface-wave  signal  from  the  spurious  bulk  waves  which  are  also  launched  by  the 
transducer,  lhis  separation  is  only  partially  successful  because  bulk  waves  diffract  from  the 
initial  track  into  the  offset  track  containing  the  silicon  strip.  These  spurious  signals  interfere 
with  the  surface-wave  signal  during  both  the  storing  of  the  reference  waveform  and  the  correla- 
tion with  the  stored  reference.  The  presence  of  the  bulk  waves  results  in  unwanted  and  unpre- 
dictable spurious  signals  at  the  output. 

To  achieve  an  additional  level  of  E-M  feedthrough  suppression,  the  input  transducer  is 
driven  in  a "balanced,"  or  push-pull  mode,  as  compared  with  the  usual  practice  of  connecting 
one  side  of  the  transducer  to  ground.  When  driven  in  this  fashion,  the  transducer  requires 
matched -tuning  inductors  to  each  side  and  an  unbalanced-to-balanced  transformer  to  convert 
the  input  RF  signal.  Though  the  matching  is  somewhat  more  involved  because  two  inductors 
must  be  adjusted  together,  proper  tuning  results  in  virtually  complete  cancellation  of  the  E-M 
feedthrough  at  the  correlator  output.  Memory  correlators  using  this  balanced  transducer  de- 
sign have  been  assembled,  and  any  resulting  E-M  feedthrough  is  lost  in  the  band-limited  noise 
level  of  the  output  amplifier  ( — 92  dBm'  for  input  powers  of  up  to  +23  dBm. 

3.  Memory-Correlator-Subsystem  Performance 

The  tatest  prototype  memory  correlators  have  been  designed  to  act  as  programmable  sub- 
pulse compressors  in  a radar  burst-processor.  The  memory-correlators  must  be  compatible 
with  the  remainder  of  the  processor  which  is  being  developed  by  General  Electric  Company 
under  contract  to  the  C.S.  Army.  To  facilitate  the  use  of  the  memory  correlator  in  this  appli- 
cation and,  at  the  same  time,  to  provide  a "stand-alone"  unit  which  can  be  easily  interfaced 
with  other  RE  systems,  a memory -correlator  subsystem  was  designed  and  built.  The  block 
diagram  of  the  subsystem  is  shown  in  Fig.  V-8.  The  function  of  the  subsystem  is  to  receive 
the  appropriate  commands  and  generate  the  necessary  chain  of  signals  so  that  the  memory 
correlator  will  store  an  externally  supplied  RF  waveform  as  the  reference,  receive  an  exter- 
nally supplied  RF  waveform  at  a later  time  to  be  correlated  with  the  stored  reference,  and  then 
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Kig.  V-8.  Block  diagram  of  memory -correlator  subsystem. 
Portion  within  dashed  line  is  shown  in  Fig.  Y-9. 


erase  the  stored  reference  with  a flash  of  l.ED  illumination  prior  to  the  next  reference  signal. 
The  unit  is  completely  self-contained  and  can  either  operate  on  a built-in  clock  for  synchronism 
or  be  slaved  to  a master  synchronization  source.  To  prevent  the  heat  buildup  within  the  sub- 
system from  degrading  the  storage  time  of  the  Schottky-barrier  diodes,  it  is  necessary  to  mount 
the  memory  correlator  in  an  insulated  chassis  with  a thermoelectric  cooler.  The  interior  of 
tins  chassis  with  a memory  correlator  in  place  and  the  temperature  control  board  for  the  cooler 
is  shown  in  Fig.  V-9. 


Fig.  \ Q.  Memory  correlator  mounted  on  thermoelectric 
coolers  with  temperature  control  board. 
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TABLE  V-2 

PROPERTIES  OF  ACOUSTOELECTRIC-MEMORV-CORRELATOR  SUBSYSTEM 


Achievement 


Center  Frequency  (MHz) 


Bandwidth  (MHz) 


Dynamic  Range  (above  kTB)  (dB), 
5-psec  puljef 


Spurious  Levels  (related  to  output)  (dB) 
5-psec  pul  set 


I +23-dBm  stored  reference 


V-tO.  Correlator  output  using  2-psec. 
MHz,  linear-FM  waveform  as  stored 
reference  and  signal.  Horizontal  scale  is 
100  psec/div. 


Fig.  V - 1 1 . Spurious  signals  present  in 
memory  correlator  when  excited  with 
«2-psec,  40-Mllz,  linear-FM  waveform. 
Horizontal  scale  is  too  psec/div. 


The  current  performance  of  the  subsystem  and  the  desired  goals  are  shown  m Table  \ 
Figure  V'-IO  shows  the  correlator  output  when  using  a 2-psec,  40-MHz.  unweighted  linear  KM 
waveform  centered  at  t *>0  MHz  for  both  the  stored  reference  and  the  subsequent  input  signal. 

It  can  be  seen  that  the  spurious  levels  m the  memory  correlator  are  still  much  higher  than  de 
sired.  These  spurious  signals  are  primarily  caused  by  detection  of  the  surface  acoustic  wave 
by  the  edges  of  the  silicon  strip  and  by  bulk  waves  within  the  interaction  region.  The  level  of 
these  spurious  signals  can  be  seen  in  Kig.  V-tt,  which  shows  the  same  2-psec,  -10-MHz.  linear 
KM  waveform  entered  into  the  memory  correlator,  but  without  any  stored  reference.  When  a 
reference  is  stored,  the  spurious  signals  are  more  than  .10  dB  below  the  peak  level  of  the  de- 
sired output  signal.  These  spurious  signals  scale  linearly  with  signal  power. 

Design  modifications  to  reduce  spurious  levels  and  to  meet  the  goals  for  dynamic  range  on 
amplitude  uniformity  are  in  progress  and  will  be  reported  at  a later  date. 

1).  II.  llurlburt  .1.  H.  Cafarella 

K.  Stern  R.  F.  Baker 

K.W.  Ralston 
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